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SECTION 1

INTRODUCTION

This document is the final report for Contract

0 Number N00014-81-C-2041, which covered work performed for

Code 4707 of the Naval Research Laboratory (NRL) by the

Plasma Physics Division of Science Applications, Inc. (SAI)

*a during the period 24 November 1980 to 24 September 1982.

The material covered in this report consists of

three general areas in which plasma physics plays a signifi-

cant role in the modeling of radiation sources for the

advanced simulation research program sponsored by the

Defense Nuclear Agency (DNA). The first is the description

- * of a basic model for the implosion of a system of identical

wires driven by a pulsed-power generator. The second is a

model for computing the linear ideal MHD instability growth

rates for azimuthally-symmetric, cylindrical Z-pinch equili-

-.f bria. This analysis includes both kink and sausage-type

perturbations of the equilibrium. The third area concerns

the properties of magnetically-insulated power feeds for

V." driving imploding Z-pinch loads.

0,
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SECTION 2

THE "WIRES" CODE -- A SIMPLE MODEL FOR IMPLOSIONS

It has been known for several years that imploding

* wire arrays during run-in obey the so-called "F-ma" dynamics
1

to remarkable accuracy. Recent data has suggested that for

truly massive arrays (Z 500 g) the F = ma scaling finally

* breaks down, with arrays apparently going unstable prior

to achieving a significant inward acceleration. For arrays

of < 300 ug, ho'wever, the F - ma formalism appears good,
2

* and predicts the assembly time to within a few nanoseconds.

Given that the dynamics of the wire centers has been under-

stood at this level, it appears reasonable to attempt a

* generalization of the F = ma model to include a radiation

algorithm and a prescription for tracking the internal

energy of the wires.

One strong motivation for pursuing this type of

model for the early-time behavior of wire arrays is to

establish the correct initial conditions for one-dimen-

sional, radiation-coupled hydro codes, such as WHYRAD and

SPLATT, which currently assume that the individual wires

instantly expand into a plasma annulus with a temperature of

1-10 eV prior to implosion. By calculating the intial

conditions from the generalized F = ma model described

here, these codes will be able to provide scaling with

2
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number of wires varied and total array mass fixed, which

*currently. is not possible to compute. Also, the results

of many runs of WHYRAD and SPLATT indicate that during

this early implosion period, the radiation is basically a

black-body spectrum, and the plasma remains relatively

cool, indicating that the detailed radiation and chemistry

package of these sophisticated codes is not needed for the

run-in phase of the implosion. By using the simple model de-

scribed here, the early-time behavior of the array can be

obtained in a small fraction of the computer time required

in WHYRAD, thereby allowing the detailed models to be

utilized where they are most necessary, during the assembly

and compression of the plasma annulus on axis.

* Figure 2-1 shows a schematic representation of the

wire array at time t. The individual wires have radius,

a(t), the wire array has radius, r(t), and the entire

system of N wires is enclosed by a cylinder of radius, b,

which carries the return current. The external Circuit is

shown in Figure 2-2, and consists of an exte'rnal voltage

generator, providing a voltage waveform, V(t), with a

generator impedance Z. This generator section could be

replaced by a transmission line of impedance, Z 0 and length,

Tr, which is initially fully' charged. The generator drives

a time-dependent load described by the diode-housing induc-

tance, L D" and the time-varying plasma resistance and

.'I

inductance, R (t) and L (t) respectively.
p p

C: 3
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The plasma circuit parameters are assumed to be

correctly given by the Russel formula for inductance and

the Spitzer resistivity,

L (+a_1) nH
p 2N Nar-

for lengths in centimeters, where k is the array length,

and

A".R

N.-aR T= 9'
P N~ra- "

where

3800 Zeff A
YeT -cm

is the Spitzer resistivity for electron temperature, T in

Kelvins, k A being the Coulomb logarithm and a factor of

order unity which depends only on th.e effective ionization

state, Zeff . For an element of atomic number, Z, the

effective ionization state is approximately,

0. T . •

=26 T'eff L61 + Tk

4
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with Tke electron temperature in keV. The time derix-atix-e

kex- &

of the inductance also acts as a resistance, given by

L -2t N-1 t
p N r

The current, flowing in the array then satisfies a

differential equation,

dI V(t)-(Z+R +L )I
p 0P p 2.P

dt LD+Lp

and the current flowing in each wire is I (t)/N.

The motion of the array is given by the J x B force

for each wire. If each wire has mass/length = i, the

radius of the array is given by

2
d2r N-1 I (t)
dt N p c

which is integrated numerically as two first-order equations

together with the circuit equation, using a Runge-Kutta

integrator.

The radiated power is modeled as a black-body with

emissivity given by .

C C f + f

.'or

~ ~ ~ ~ .~. :f .~~:c-c-> ..- - =. - - . -- -. .- . - - ,
.......- ]
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where E (E is the emissivity for photons greater (less)

than a specified cut-off energy, E,, and f> (f<j is the

fraction of the blackbody output which is emitted above

(below) E*. Clearly, f> + f 1. The total radiated energy,

Wrad, is then given by

dWad

d w r a E a T 4A 5

and the yield, wrad, above E* is given by
dWraad

dw>
ad f> >oT 4A

d~ t S

where a is the Stefan-Boltzmann constant and As = 27akN is

the total surface area of the array.

To complete the description of the model, a prescrip-

tion for determining the plasma temperature, T, and the
*b

wire radius, a, is required. If each wire is assumed to be

a Bennett equilibruim, the Bennett pinch condition,

B2 t8 n(l + ff) KBT

8r 7- ef B

provides a relationship between temperature and current,

2 OI M _ I
(1+ Zeff)T=. .0. M' 1

p.I--
e TO K

N• B

6
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where M is the atomic mass and KB is Bolt:mann's constant. -

The wire radius, a, may be obtained from the energy balance

between Ohmic dissipation and radiation,

1 2 R eT4 AI R = caT4A

P p s

or
- 1/3ni2 (lO'

a - p .

The model described above can be integrated until

the wires just touch, a = r sin(7/N), at which point the

system of individual wires coalesces into a plasma annulus,

which rapidly assembles on axis converting the kinetic

energy of implosion to temperature, radiation and out-

going kinetic energy.

For simple scaling law studies, the following very

crude model has been implemented to model the assembly.

The plasma annulus is converted to a cylinder of radius,

r 0  as shown in Figure 2-3, with

r o  a +

7
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where a is the wire radius when zhe wires just touch.

The plasma temperature is adjusted so that the kinetic energy

is entirely absorbed into temperature,

(1 + Zeff) IT = 1 MV2/KE
3r/K

The system is then allowed to radiate and cool for a period

of five MHD growth times, calculated as Alfven transit times,

5 (r /VA)

where VA (B 2/47P) is the Alfven speed, B is the magnetic

field at r = ro due to the current I and P is the mass
0 p

2
density, p = Ni/7r o. During the cooling period, assuming

blackbody radiation, the code separately integrates for V

the total yield and the yield above E,.

A test case has been run for an Aluminum (7=13,

A= /) array driven at constant voltage, V(t)=Vo, with
0

the following parameters:

N = Number of Wires 6

NUi = Array Mass = 100 :g

t = Array Length = 3 cm

r(o) = Initial Array Radius = 2.2 cm

b = Return-Current Radius 3 cm

V = Open-Circuit Voltage = 3 MV

o Generator Impedance = 0.7 Q

-.- 6.

8
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LD = Diode-Housing Inductance = 10 nH

= Emissivity for hv>lkex- = 5 x 10.6

= Emissivity for hv<lkev = 5 x 10 4

The characteristics of the implosion are summarized in

Figures 2-4 thru 2-7 As seen in Figure 2-4, the implo-

sion of this array requires approximately 69 ns. At the

time the wires touch, as in Figure 2-3, the wires have
8

achieved an inward speed of 1.3 x 10 cm/sec. The individ-

ual wire radius, a, varies over a factor of two during

most of the implosion. At very early times, this radius

is artifically large due to the assumptions of constant

emissivities and the prescription of choosing "a" as the

radius where Ohmic heating is balanced by radiative cooling.
2

Experiments at Maxwell have displayed an initial pinching

of the individual wires followed by an expansion of the

wires, which is at least qualitatively as shown in these

calculations.

Figure 2-5 shows the temperature and average

ionization state vs. time for this implosion. The tempera-

ture, which is tied to the current by the Bennett pinch

condition, peaks at approximately 655 eV at peak current,

and subsequently drops to 249 eV by the end of the run-in.

The ionization state, Zeff, is between 9 and 11 during

most of the implosion.

91



iThe ircui - , equation:av b e cc ver ted to a power 0
- m" -I

equation by multiplying both sides bv the total current,

I, to obtain -

= .(LLpI (: ,R I + -I L

where I pV is the input power from the external generator,

which must equal the rate at which energy is stored in the
-.4 . ,

magnetic field, Ohmic power -losses, and the rate at which

energy is stored as kinetic energy of the array (the L
p

term). Figure 2-6 illustrates how these various components

of the power equation vary in time. The rate at which

energy is stored in the magnetic field is not plotted, but

is just the difference between the V I curve and the sumo p

of the other two curves. At the end of the run-in, the

wires are acquiring kinetic energy at a rate which exceeds

Ip, and in fact the implosion is tapping stored field

energy iust prior to assembly on axis.

Figure -- shows the evolution of the various enerov

channels during the implosion. During run-in, when the

temperature is low, internal energy and radiation are rela-

tivelv small compared with field energy and kinetic energy.

Again, at the end of the run-in, the field energy decreases

rapidly as the kinetic energy increases.

10
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*After the wires touch, at t = 09 ns, the code 0

instantly converts the annulus to a cylinder and "shock

heats" it by converting all the kinetic energy to internal

energy. This prescription in the test case yields a cylinder
20 -3of 0.7 cm diameter with an ion density of 2 x 1 0  cm at a

temperature of 11.4 keV. The cylinder cools rapidly by

* radiative power. loss, and after five Alfven transit times

(or 5.1 ns) its temperature has dropped to 113 eV. In this

problem, the total energy radiated at all frequencies is

34.2 kJ and the energy above 1 keV is 6.7 kJ, assuming a

blackbody spectrum. During the run-in, the individual

wires radiated 28.2 kJ at all frequencies, but only 1.7 kJ

above 1 keV. The radiation above 1 keV, therefore, occurs

after collapse in this model, but a significant fraction

of the total yield can occur during the run-in. The model

assumes, of course, that the individual wires remain stable

and do not develop "hot spots" during the collapse. If hot ."

spots develop, they may cause a larger fraction of the yield

above 1 keV to occur during the run-in than is calculated

here.

Treating the test case described above as a base

case, a parameter study has been made to test the sensi-

tivity of the radiation yield to variations of several of the

input parameters. The results of this study are shown in

AD
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Table 2-1 and in Figures 2-8 thru 2-13. Multiple para-

meter variations from the base case have not been attempted,

but rather only a single parameter has been altered for each

of these runs. In each case the total radiation yield, WT, 

and the yield W>, for hv > 1 keV, is presented. These are

calculated as described above, using a blackbody spectrum

with different emissivities above and below 1 keV, and

including the radiation from a collapsed, "shock-heated"

plasma cylinder as it cools during five Alfven transit times.

Figure 2-8 shows the variation with N, keeping the

total array mass fixed at 100 .g. As the number of wires

increases, the time for impact is shortened, thereby reduc-

ing the total yield by more than two-fold. The yield above

1 keV, however, becomes very insensitive to. the number

of wires for N>12.

Figure 2-9 shows the effect of varying the total

array mass, with the number of wires fixed at N=6. Here,

the heavier arrays are worse as expected in this model.

Increasing the initial array radius, r(o), as shown in

Figure 2-10, improves the yield. The larger arrays (at

100 jig) take longer to collapse, acquiring more kinetic

energy. Also, since the current return has been fixed at

b = 3 cm, the initial inductance, L, for the larg-r arrays

is smaller, thereby slightly reducing the current risetime.

12*A



Figures 211 thru 2-13 show the effect of variations

of the external circuit parameters. Increasing the open-

circuit voltage, Figure 2-11, or reducing the generator

impedance, Figure 2-12, both strongly improve the yield.

While this trend suggests that the yield may simply depend

monotonicallv on the power, V 2 independent of whether

X* 0 or o is the quantity varied, a detailed look at Table

2-1 shows that this proposition is not correct. The yield

for -o 1.5 f2 and V 2 = 6 TW) is significantly

lower than the yield for 0 = 0.7 Q and V = 2R\T (Vo/-o

5. 7 TW).
Figure 2-13 shows that the yield is insensitive to

the diode-housing inductance in the range 10 nH to 20 nH.

This insensitivity is probably due to the plasma inductance,

which varies from nominally, 5 nH to 30 nH during the implosion.

This model has been utilized to provide initial con-

ditions for the SQUEEZE code, which computes the collapse of

a plasma annulus. The WIRES model, described above, is run

until the individual wires Just touch. A bridge subroutine

is then employed to convert the wire array to an imploding

plasma annulus. The wire array, consisting of N wires of

radius, af, on a circle of radius, vf, is converted to an

annulus with outer radius, ro, and inner radius, ri, given by.

ro-r; a
r .r - r$

10

13
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The SQUEE-E code then continues the calculation, usuing a
* 0

more sophisticated radiation and hydrodynamics model.

6
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SECTION 3

LINEAR, IDEAL MHD STABILITY ANALYSIS

Experiments on imploding wire arrays, gas puffs and

foils have displayed hot spots, beads, plasma jets and kinks,

all of which are believed to be manifestations of MHD in-

stabilities. These phenomena couple strongly to the plasma

dynamics and may actually determine the strength of the pinch

and the time duration of the assembled plasma. The densities

and high temperatures of the hot spots or beads may provide

the conditions needed for generating most of the radiation above

1 keV.

The usual simple test for the importance of MHD

instabilities in a plasma system is whether the time required

for an Alfven wave to cross the system is short compared with

the confinement time of the system. The Alfven speed is given

by

vA = (B2/47P)l/

where B is the magnetic field and p is the mass density. To

make this argument specific, assume that a wire array with a

mass of 100 .g has collapsed to a plasma cylinder of 0.1 cm

radius and 3 cm length, and is carrying a current of 2 MA.

For these parameters, which are typical of experimental con-

ditions, the mass density is c 10 g/cm and the magnetic

30
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field at the edge of the cylinder is B 4 MG, which yields

VA = 3.6 x 10 cm/sec and the Alfven transit time across the

plasma radius is 2.8 ns, which is only about 10% of the

observed radiation pulsewidth and the observed plasma

confinement time. MHD instabilities are therefore expected

to be important in this system.

During the implosion,curre.nts penetrate into the

plasma wires and/or annulus, and the MHD growth rate will

be sensitive to the actual current distribution in the

plasma. The radiation-coupled hydro codes, WHYRAD and

SPLATT, model the field penetration and can provide an

"equilibrium" configuration for the assembled plasma. During

the run-in phase of the implosion, inertial terms in the

zero-order equations will be important. A formulation for

the MHD instability growth rate for cylindrical MHD equilibria

is described in this section for an arbitrary equilibrium

current distribution which is consistent with equlibrium

pressure balanc.e. Several references 1 3 discuss this type

of model.

The linearized equations for ideal MHD may be written

in terms of density p, velocity v, pressure p, current

density J, and magnetic field B as

31
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C' 0

S =Vp +Jo x B I Ji x B 0

xB
*_ - V

= * V 0 
-p

0V
d t

*where superscripts 'loll and "1"1 denote zero-order and first-

order quantities, respectively, and F is the ratio of specific

heats.

* These equations may be expressed as a second-order

equation for the displacement vector, E(x,t), defined as

U(x,t) = 0 v (x,t') dt'

to obtain

2

p at2

0 000
=V~ P +7'p V- ) + (VxBJ x [Vx(CxB0)

* ~ (Vx[Vx(&'xB0 )]) x B0
4 7T_

32
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This formula is the starting place for all linear, ideal

MHD stability analyses.

For a circular cylinder equilibrium, the coefficients

in the linearized MHD equations are independent of A and :.

Each Fourier harmonic of the perturbation will therefore

evolve independently, and the perturbation may be expressed

as

i(kz+me-wt)_C(x,t) = (r)e

In this case it has been shown1 that the problem reduces to

a single, homogeneous, second-order equation of the eigen-

functions associated with the radial displacement, .. This

equation is given by

r r

where prime indicates differentiation with respect to the

radial coordinate. The coefficients, a and q, are given by

rAC
at--

12

detA (. I
q = r L +X12 12

33 .
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where A is a 2 x 2 matrix of the form,

ACrAC(F P*) + 2

For equilibria with no flow and without an axial magnetic

field, i.e. B = B0 , these quantities may be expressed in

terms of the Alfven speed, v A' and the sound speed, c.,

where

2 2NA  ;B e /4 7 i

A

c 2 rp/P

as

= AC 2mA " 2 3 4 2
lpC r3  r o vAr

X 12  P2 W4 (k 2M2= 24 C(k+)

r

4m2 2V 4C[2 A 4 4 4 4 "

'21 = C[A-A 44 4
r r .

A W 2'
22 2 2

2pCs [mE2"A ,,. -P W 'A
r

34
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and p* denotes the total equilibrium pressure, which satisfies 91

S \A
P* r

The functions ACX1'2 and 2 are therefore algebraic

functions of the eigenvalue parameter, w, and the equilibrium

fields.

The matrix, A, contains the second derivative of p,

and the coefficient, q, requires the derivative of ' /)

These non-algebraic features can be troublesome, particularly

when the equilibrium data are obtained numerically. The

numerical computation of these derivatives is expected to

require some smoothing of the equilibrium data.

The boundary conditions on r are that it vanish at

the outer boundary, assumed to be a conducting wall, while

regularity at the origin may be used to determine its behavior

at r = 0 from an indicial equation. Writing r z=0aj

the solution near the origin satisfies .=i for m=0 and
m2

( +1)" m for m0.

With this formulation, the problem is completely posed

in terms of functions of the equilibrium fields. In ideal

MHD, the eigenvalue is 4', implying solutions that are either

e, purely oscillatory or purely growing, a feature which follows

from the self-adjoint nature of the perturbed fluid equations.

More generally, eg. for equilibria with flow, the self-adjoint

!P property is lost, and the eigenvalues will be complex. -.

35
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3. The cylindrical MHD stability problem, as formulated

above, may be solved numerically by a "shooting code". In

this technique one selects the equilibrium and sets r near

the origin to satisfy the indicial equation for a trial value

of w-. By solving repeatedly for r(r) for different -,

a value is found for which r(wall) - 0, the outer boundary

condition. This technique is a widely used approach.

In the limit of surface currents, the linear stability

problem can be solved exactly and analytically. The eigen-

value is given by

2 v
a -81 ka + m'SA

* where vA is the Alfven speed at the edge of the plasma (r=a)

and a perfectly conducting wall is assumed at r=b. The co-

efficients, 81 and 82, are given by

I' (ka)

1 I (ka)
m

Km(ka)I m (kb) - Km(kb)Im (ka)
8281 Km(kb)I(ka) -K'(ka)I(kb)

m fm m T

where I and K are modified Bessel functions.
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* 0(

The ideal MHD linear growth rate is plotteJ against

ka for various azimuthal mode numbers, m, and various b a 0

values in Figure 3-1. The results appear quite insensitive

to b/a for b/a 5. As b/a nears unity, however, the in-

stabilities with m>O are stabilized by wall stabilization.

On the figure, an instability is indicated by a negative

eigenvalue, i.e. L- < 0. The m-O sausage mode is always

unstable. The modes for m>O become unstable as ka increases.

The m=l kink mode, on Figure 1, becomes stable as ka nears

zero. For ka<l, however, there is a k-band where the m--

mode has a larger growth rate than the m=O mode. The

linear theory predicts that all the modes will become un-

stable for ka>>l. At very short wavelengths, however, the

instability is destroyed by small-scale turbulence and mix-

ing of the plasma. In practice, the largest growth rates are

expected for ka 1.

A more recent approach to the numerical solution

of these problems has been developed at the University of

Texas at Austin4 , and consists of a finite element technique.

The equilibrium fields are developed in a representation

by B-splines, which form the basis functions for the finite-

element solution. The differential equation for r is then

represented in difference form, for E I described as spline

coefficients. The splines are selected to automatically

satisfy the boundary conditions on r The eigenv aluep -roblem

is then solved directly, by constructinc the characteristic

determinant a-.d evaluatin, its root, - This technique

has been i: -ementc fo \R. on the TA C V \\ co 'uter

Svs ter.
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*0 The code, EGVPRB, which does this problem is a

general eigenvalue solver. It can solve any eigenvalue

equation of the form

A(r, )"+ B(r,?,Y + C (r,) )(r) - 0

*0 where $(r) is the eigenfunction, X is the eigenvalue and

prime (') denotes differentiation with respect to r. The
' 5

codes uses B-spline basis functions, which we denote Pi(r).

Every function of r is represented by its spline fit,

A(r,X) = Eiai(X)i(r)

S B(r.X) = E1i bi(X)i(r)

C(r,X) Z ci(X)ii(r)

The differential eigenvalue equation is then

.ijaisyjipj  Zijbiyjpipj + Zijciyji j = 0.

Multiplying by 1,, for each . value, and averaging

over r (denoted by <>) leads to a matrix equation,

.< ~ j >+ Zii + Z i~j>] yjE: b lj> ici< i >' yj'0

or
Li /3
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* 02M. y = 0,

or

This equation has a solution for y, provided

det M =0,

which is solved for the eigenvalue, ) -P, using a

root-finder.

The code can also be used in a mode which displays

the behavior of A(r,X), B(r,X), and C(r,X) vs. r as is

varied, and which shows det U vs. X. The code is described

in some detail in Appendix B. A simple test calulation is

described here to illustrate the use of the code. An equi-

librium consisting of a uniform density plasma cylinder
18 -3

(n = 10 cm ), of radius, rp 1 cm, is assumed to carry

a uniformly-distributed current, I = 3MA. The magnetic

field then rises linearly within the cylinder, achieving

a peak value, Be(rp = 60' (or 600 KG), at the plasma edge.

The plasma is imagined to have a uniform temperature, T =

8 2lKeV, implying a pressure, p = nKBT = 1.6 x 10 nt/m.

For a kink mode with m = 1 and Krb = 3, Figure 3-2
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displays the value of the determinant for various trial

eigenvalues, where the eigenvalues have been normalized on

the plot so that 0.194 - (wrb/VA) 0. Here VA is the

Alfven speed at the plasma edge.. The horizontal line is

det MJ = 0, and the intersection of the two lines is the

root. Figure 3-3 through 3-5 shows the behavior of A(w, r),
2 22

B(w, r), C( w r) as w is varied, in ten equal steps, over

the range - 0.194 < (wrb/VA) - 0.155, which includes the

root, or to "manually" locate the root.

Having found an approximate root, the root finder

in EFVPRB can be utilized to refine the calculation. In

this case, the root finder obtained a root at (wrb/V) 2 =

-0.183, in good agreement with Figure 3-2.

d4
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SECTION 4

MAGNETIC INSULATION

A central issue in the scaling of pulsed-power driv-

ers to higher power is whether the vacuum power feed to the

diode can withstand the higher electrical stress without

1-5loss of magnetic insulation. MXagnetic insulation refers

to the ability of an applied magnetic field to turn emitted

electrons back onto the emitting surface, thereby preventing

electrical breakdown. This concept is now widely-used in

the design of high -power vacuum sections of pulsed-power

6generators, vacuum transmission lines and ion diodes. The

required magnetic field can be applied by external coils,

or it can be the self-field due to the current flowing across

the anode-cathode gap at the center of the diode.

Maxwell Laboratories, Inc. has conducted a series of

tests to study the scaling of the loss current with gap width

and electric and magnetic field strength. The apparatus used

in the experiments is shown schematically on Figure 4-1. It

consists of a disc feed with a variable gap and a 5 nH short-

circuit post with a radius of 5 cm. The anode surface is

instrumented with a series of Faraday cup collectors, shown

schematically on Figure 4-2, located on a radial spoke at

f various radii. The apertures of the Faraday cups are covered S

with .003 inch thick aluminum foil to shield the collector

from stray plasma, thereby reducing the noise level.
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* rhe experiment consists of driving current radially

into one Jisc feed across the short-circuit post, with

return current flowing out on the second disc feed. An

* inductivc xoltage, LdIidt, develops across the gap. The

current floiing in the post sets up an azimuthal magnetic

field ihich provides magnetic insulation. The object of

* the experiment is to measure the electron loss current, ie.

the current carried by free electrons which cross the

magnetically-insulated gap. The Faraday cups provide a

* measure of this loss.

The four Faraday cups used in the experiment are

located at the following locations

FC#I 64cm

FC#2 52cm

FC#3 38cm

FC#4 25cm

2
each having a collecting area of 1.8 cm The baffle

holding the foil, shown on Figure 4-2, limits the incident

angle for a trajectory to reach the collector. Ignoring

scattering in the foil, only particles with incident angle,

6, relative to the normal to the foil of less than approxi-

mately 75 will reach the collector.

I.o
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Data has been recorded for twenty-one different

configurations, characterized by various gap widths and

driving currents. In this report an analysis of one of

these configurations is presented. The analysis has been

carried out with the MASK code, a two-dimensional, fully-

relativistic, electromagnetic, particle-in-cell (PIC) plasma

simulation code developed by A. Drobot of SAI, in collaboration

with NRL, MIT and Lawrence Livermore National Laboratory.

The data for this shot, Shot Number 1105, was

graciously supplied by John Shannon of M!axwell Laboratories,

and is summarized in Table 4-1. The time history data for

this shot is shown on Figures 4-3 through 4-5. The drive

current, I(t), is shown on Figure 4-3. Figure 4-4 is dI/dt,

while Figure 4-5 shows current, voltage and power.

Figure 4-6 shows the Faraday cup and PIN diode

waveforms for this shot. The PIN diodes, located adjacent

to the Faraday cups, provide local x-ray data, from which

information about the energy spectrum of the loss electrons

can be inferred. In this case, the PIN diodes indicated

the presence of electrons with energy in excess of 100 kev,

but the fraction of electrons above this energy is not known

from this diagnostic.

The voltage waveforms for the Faraday cups are the

voltage developed by the Faraday cup current as it passes

through a 50 Q termination, with a ten-fold attenuator.
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* The voltage, V indicated on the scope can be translated
Sc'

to Faraday cup current, If, by

1 0V (volts)o Ifc (amps) = sc

5 02

The configuration shown in Figure 4-1, using a

5 cm gap, has been set-up with the MASK code, and gridded

on a 64x16 r-z mesh. The experimental current waveform,

Figure 4-3, is used to drive the simulation. The first test

of the numerical model is a "cold test", which refers to

a run in which no free electrons are allowed to be emitted.

This type of run tests the circuit model. Without current

* smoothing, the calculated induced vdltage shows alot of

hash. By smoothing the current waveform in Figure 4-3 to

relax sudden changes in the current, the calculated voltage

Is is found to be in excellent agreement with the experimental

waveform.

The cold test run also provides a wealth of

information about the field structure in the device without

particles. Some of this data is shown on Figures 4-7

through 4-10, and may be used in conjunction with later

figures to examine the effect of including the emitted

electrons. On these figures, the coordinates are numbered

as X1  ,2= r, X3 = e, so that E1 = E, E2 = Er and

B3  Be.

Q 0



Figure 4-7 shows the electric and magnetic field O

sDatial profiles, as contours on the r-z grid, and as a

vector plot for the electric field lines (the magnetic

field lines are purely azimuthal). These figures represent

the system at time t = 108 ns, but they are quite insensitive

to time. After the current maximum, dl/dt switches sign, "

and at later times the electric field vector plot shows

arrows pointing opposite to those on Figure 4-7.

The electric and magnetic field components E and

Be are plotted against time for various radii on Figure 4-8

and 4-9. These plots show the shape of the driving current

waveform (since Be I) and the shape of the induced voltage

waveform (since E, x V dl/dt).

Figure 4-10 shows the total field energy against

time. It also displays the breakdown of field energy

associated with each field component. The curves have

the expected shape for an inductively driven gap.

The next step is to turn on electron emission on

the cathode. To compare with Maxwell's data, the anode

surface includes absorber regions which collect charge as

a Faraday cup. The absorbers in the code are rings located

on the anode surface at the same radii as the Faraday cups

in the experiment. Each absorber ring is four cells (or

4.12 cm) thick with radius R, and therefore presents a

collecting area of 2ITR x 4.12 cm2 , which must be renormalized
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* to the 1.8 cm collecting area of the Faraday cups used

in the experiments. The code does not include the .003 inch

aluminium foil or the baffle on which the foil is stretched

o (see Figure 4-2). All charges which hit the absorber regions

are collected and counted, whereas the experiment only

counted those electrons with sufficient energy to penetrate

* the foil and with incident angles less than approximately

75 to the normal.

The results of the simulation are summarized on

Figures 4-11 through 4-24. Figure 4-11 shows the field

spatial behavior at two separated instants of time, t = 160 ns

and t = 220 ns. The earlier time shows a field structure,

which is similar to the cold-test field (cf. Figure 4-7),

except for the effect of particles near the short-circuit

post. The late-time field structure shows the effect of

particle emission. Figure 4-12 shows the total field energy

and the field energy associated with each field component

plotted against time. These plots represent the time

dependence of the volume-averaged fields. The corresponding

plots in the absence of emitted electrons are shown on

Figure 4-10. The field energy is dominated by the energy

stored in the Befield.

The particle density on the grid is displayed on

Figure 4-13 at t = 160 ns, 220 ns, and 340 ns, which shows

the development of the electron loss current in the gap.
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0 The total, volume-integrated charge in the system plotted

against time is also shown on Figure 4-13. The maximum

total charge in the gap occurs at t =160 ns, but is highly

localized near the cathode surface.

The particle phase space projections are given on

Figures 4-14 through 4-18, for time t = 160 ns, 240 ns and

* 340 ns. Figures 4-14 and 4-15 illustrate the behavior of

the axial momentum P vs. z (or X and Pvs. r (or X.).Z

and show the development of the electron loss current from

'S magnetically-insulated emission on the cathode to the

formation of an electron layer throughout the gap, due

partially to electron emission from the short-circuit post.

*Figures 4-16 and 4-17 show the same information for the

radial momentum, Pr. while Figure 4-18 shows Pr vs P.

The electron loss begins on the cathode at large r, where

* the magnetic insulation is weakest, and gradually progresses

toward the short-circuit post, since the current crossing

the gap at large r reduces the magnetic field at small r.

L. The E*J instantaneous power is plotted against time

on Figure 4-19, which shows the total power, as well as

the contributions due to the radial and axial components.

0,. The axial component, EZJZ, is the dominant one, as expected

for current loss across the gap.

5-Electron emission in the code is allowed from both

* the cathode surface (or right-hand boundary) and the surface
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of the short-circuit rod (or lower boundary). Figure 4-20

shows the emitted current from these two surfaces plotted

against time.

0 The electrons may be collected on all surfaces.

Figures 4-21 shows the collected current vs. time on the

anode (left), cathode (right), top (upper) and short-circuit-

* Orod (lower) surfaces.

The instantaneous current collected by absorber

number 1 through 4, which correspond to Faraday cups 1

through 4, is shown on Figure 4-22. The total integrated

current, and the current integrated over 1000 time steps

(108 sec) is shown on Figure 4-23 for Faraday cup number 1

* and on Figure 4-24 for Faraday cup number 2.

The calculated current on Figure 4-24 has two major

discrepancies with the experimental data. First, the

* awaveform for the current averaged over 10 ns bins shows

two peaks separated by almost 200 ns in time. The experi-

mental Faraday cup waveform does not show such widely

separated peaks. Second, the magnitude of the integrated

loss as calculated by the code is approximately 600 times

greater than the experimentally-measured loss.

Both of these discrepancies can be attributed to

the absence in the code of the .003 inch aluminium foil

covering the Faraday cup and the geometrical aperture

caused by recessing the Faraday cup charge collector as
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0shown on Figure 4-2. The aluminium foil will stop a 130 keV

electron at normal incidence. A grazing electron with much

lower energy will stop in the foil.

A An examination of the particle energy spectrum

computed by the code indicates that essentially all of the

electrons which make up the first spike on Figure 4-24 lie

below 100 keV and therefore would not be detected in the

experiment. Half of the electrons in the second, later

spike on Figure 4-24 also lie below 100 keV. The other

d. half are energetic enough to produce the PIN diode signal

observed in the experiment.

The electron orbits as they impinge on the absorbers

* (Fjaraday cups) in the code are very steep since the electrons

7. drift radially-inward as they traverse the gap, due to the

E x B drift. Most of these electrons are thereforeI
blocked by the Faraday cup acceptance (e< 750) aperture,

or are stopped in the aluminium foil.

Modifications to MASK are currently in progress to

quantify these effects. The results to date, however,

indicate that the electron losses measu'red in the Maxwell

experiment probably constitute only a small fraction of

<4g. the actual loss present in the apparatus. The scaling of

existing pulse-power devices to significantly higher power

will depend on the understanding and control of these power

losses in the vacuum sections of the machines.
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Appendix A S

WIRES CODE

The WIRES code, based on the model described in Section

2, is basically a Runge-Kutta integrator for five variables:

(1) array radius,

(2) implosion speed,

(3) current,

(4) radiation yield in photons with energy greater
than c* (an input),

(5) total radiation yield.

If run interactively, the code will prompt the user for

the following data:

Block 1

N = number of wires
EST= spectrum cut-off energy (eV)
XMU= single wire mass per unit length (g/cm)
XL = wire length (cm)

Block 2

R(0) = initial array radius (cm)
B = outer radius for return current
Z = atomic number of wire material
XMASS = atomic mass (amu) of wire material
CLOG = Coulomb logarithm (default value = 4)
GAMMA = specific heat ratio (default value = 5/3)
EMISSI= emissivity for hv<EST (default value = 5.x 106)
EMISS2= emissibity for hv>EST (default value = 5.x 10 6)

NPFLAG= (1 or 0) = (Yes or No) print during integration
for wire cooling after assembly.

Block 3

V0 = circuit charge voltage (Volts)
Z0 = generator impedance (Ohms)
XLD= diode inductance (Henries)

A-1
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• Block 4 I

DT time step for Runge-Kutta (sec)
NPRINT : number of time steps between print-out's.

Each data block should be entered in free-format as a single-

line input.

The main program initializes the problem and calls the

following subroutines:

(1) STEP: Calculates one Runge-Kutta time step,
using subroutine FORCE to calculate the
necessary first derivatives.

(2) FORCE: Provides derivatives for use by STEP.
FORCE finds the temperature by imposing
a local Bennett equibrium,

2
B

9 Tr n (l+Zeff)KB
T _

(3) RADFRAC: Calculates the fraction of the black-
body radiation yield which lies above
EST.

(4) XCURR: Allows a specified current waveform to
be utilized; this option is not used in
the current version of WIRES.

(5) OUT: Print-out subroutine. The following
quantities are printed:

(a) T = time
(b) Y(l) = array radius
(c) Y(2) = implosion speed
(d) Y(3) = current
(e) Y(4) = yield for hv>EST
(f) Y(S) = total yield
(g) A = wire radius

1. (h) T(EV) = wire temperature (eV)
(i) ZEFF = effective ionization state
(j) DENS = number density
(k) RP(OHMS) = wire resistance(Spitzer)
(1) LP(H) = wire inductance (Russell)

* (M) VI(W) = ipput power = IV
(n) P-OHMIC = I Rp = Ohmic dissipation
(o) P-BB = blackbody radiation power

A-2



2*(p) W-FLD = LI /2Z - stored field energy 0,
(q) W-KIN = Npz v2 /2 = kinetic energy
(r) W-INT = 1.5 n(l+Zeff) KBT = internal energy

(6) XVOLTS: specifies applied voltage waveform.

(7) FINAL: Calculates final assembly and cooling of 7.41
plasma cylinder, based on instantaneous
conversion of kinetic energy to temperature
followed by radiative cooling via blackbody
emission.

(8) DERIV: Provides derivatives for

(a) temperature
(b) yield above EST
(c) total radiation yield

needed by subroutine FINAL.

91
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I. •Appendix B 0

EGVPRB CODE

The EGVPRB Code, together with pre-processors (EGVSETUP

* and MHDEQUIL) and post-processors (EGVPLT and EGCOPLT) are

described in an on-line documentation file, EGVPRB.INF, which

is listed below.

The various modules are

(1) EGVSETUP File assignment.

(2) MHDEQUIL.FOR :MHD equilibrium specification.

(3) EGVPRB.FOR Linear, ideal MHD stability analysis.

(4) EGVPLT.FOR Plots coefficients and eigenfunction
for converged solution.

(5) EGCOPLT.FOR Plots coefficients and eigenfunctions

0 for sequence of trial solutions.

The main module, EGVPRB.FOR, solves general second-order,

differential eigenvalue problems of the form,

a a + bE +cE 0,

where (r) is the eigenfunction, and the coefficients, a(r,X),

* b(r,X), and c(r,X), are functions of both r and the eigenvalue

parameter, X. This code, specialized to solve the linear, ideal

MHD stability problem for a specified cylindrical equilibrium,

is set-up on the JAYCOR VAX Computer (Host CAIN, Directory 9

[IPR3]). The MHD stability analysis itself is described in

Section 3.

B-1
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The major subunits of the EGVPRB code are the following:

(1) SYSODE: the main program, a top-level governor.

(2) MATRIX: reads input data and calculates the a,b,c
coefficients.

(3) FCN: calculates the determinant which provides
the characteristic equation for the eigen-
value.

(4) CEVALF: a root finder which solves the character-
istic equation for the eigenvalue.

(5) BC: a subroutine which sets-up the specified
boundary conditions.

(6) MATNRM: normalizes the determinant to avoid over-
flow/underflow.

(7) NRMFCN: eigenfunction calculation

(8) PLTFCN: sets-up output plots

(9) DEPSE: decomposition of function into B-splines.

(10) REPSE: recomposition of function from B-splines.

(11) REPSP: recomposition of first derivative of
function from B-splines.

The EGVPRB package was designed for the CRAY computer

system, and several CRAY-dependent lines of code were "com-

mented-out" of the code to adapt it to the VAX. The unfor-

tunate overflow/underflow limits on the VAX (approximately

35
10 ) impose a limitation on the number of knots (or nodes)

which may be carried in the splines. The determinant to

be computed is an N x N determinant, where N is the number

of knots. While the determinant is normalized, the VAX can

overflow or underflow easily if N a 30 is utilized. An

B-2
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.

* • input parameter, SETNRM, has been built into the code to

"fine tune" the determinant normalization so as to avoid

this problem. With SETNRM specified as 1, the code normal-

0 izes the determinant to the largest element in the matrix.

Test problems using N=20 have run without difficultly with

SETNRM=l.

* •Listings of the various modules follow.
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APPENDIX C

Listing of WIRES
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. ... . . . .0

PROGRAM WIRES
IMPLICIT REAL*8(A-H7O-Z)
PARAMETER (NE'IM=5)
DIMENSION Y(NDIM) ,D:Y(4,NDIIM) ,YOLDi(NDIM)
COMMON N7ESTXMU7 RHOXLBZCLOGNPFLAG,0
*XMASS.GAMMA,DT,TEMP',A,EMISS1,EMISS2
COMMON/'CIRC/VO, Z0 XLD, XLDOT, XLP, RP, ZEFF

* DATA PI/3. 141592653589793238D0/
C
C PROGRAM TO CALCULATE IMPLOSION
C OF WIRE ARRAYS :
C Y(1)=ARRAY RADIUS
C Y(2)=IMPLOSION SPEED
C Y(3)=CURRENT
C Y(4)=YIELD ABOVE EST
C Y(5i)=TOTAL YIELD
C
C INPUTS
C N=NUMBER OF WIRES

* C EST=CUT-OFF ENERGY (EV)
* C XMU=WIRE MASS/LENGTH

C XL=WIRE LENGTH (CM)
* C R(Q)=INITIAL ARRAY RADIUS (CM) =Y(1)

C B=OUTER RADIUS FOR RETURN CURRENT (CM)
C Z=ATOMIC NUMBER
C CLOG=COULOMB LOG (DEF:4)
C XMASS=ATOMIC MASS (AMU)
C GAMMA=SPECIFIC HEAT RATIO (DEF:5/3)
C EMISS1=EMISSIVITY BELOW EST (DEF: 5.E-4)

*c EMISS2=EMISSIVITY ABOVE EST (DEF: 5.E-6)
C NPFLAG=(1,O)=(YES,NO) PRINT DURING TEMP DECAY
C VO=CIRCUIT CHARGE VOLTAGE
C ZO=GENERATOR IMPEDANCE
C XLD=DIOrIE INDUCTANCE
C DT=TIME STEP (SEC)

*c NPRINT=INTERVAL BETWEEN PRINTS
C

GAMMA=5. /3.
CLOG4.
EMISS1=5. E-4

* EMISS2=5.E-6
eu. Y(2)0O.

Y (3) =l.E5
* Y(4)0O.

Y(5)=0.
* IFIRST=O

PRINT 900
If, 900 FORMAT(1X,'NEST(EV),XMU,XL'/0

*ix, 'R(O),B,Z,XMASS(AMU),CL0GGAMMA,',
*'EMISS1,EMISS2,NFPFLAG'/
*5X 1

1 NPFLAG=l FOR PRINT'/
I X,'VO(VOLTS),Z0(OHMS),XLEI(HENRIES)'/

*1X,'Dr,NPRINT')
READ(5,*) N,EST,XMU,XL
READ:(5,*) Y(1),B,Z,XMASSCLOGGAMMA,EMISSI,EMISS2,NPFLAG
READ(5,*) VO,ZO,XLI
REAt'(5,*) DT,NPRINT
T=O.
KOUNTO0
KPRINT=0

10 CALL STEP(TYNDiIMEDY,YOLDI)
IOUNT=KOUNT+1



* KPR INT=KFPRI NT+ I
* XN=N

IF((IFIRST.EO.C)).ANDI.(A.GT.Y(1)*SIN(FPI/XN))) GOTO 15
IFIRST=l

* IF(ABS(A-Y(1)*SIN(PI/XN)).L-T.I..E-3*A) G3OTO 20
* DT=MIN(DiT 7 .5*(A/SIN(PI/XN)-Y(l))/Y(2))
15 IF(KPRINT.LT.NPRINT) GOTO 10

KPRINT=O
CALL OUT (T7Y7 NDIM)
GOTO 10

20 CALL OUI(TYNDIM)
* CALL FINAL(T,YNDIM)

- STOP
* END
* SUBROUTINE STEP(T,Y7 NDIM,DY,YOLD)
* IMPLICIT REAL*B(A-H,O-Z)

DIMENSION Y(NDIIM),DY(4,NDIM),YOLDI(NDIM),DI(4)
COMMON N,EST,XMU,RHO,XL,Ei,Z,CLOG,NPFLAG,
*XMASSGAMMA,DT,TEMP7,EMISSI 7EMISS2
TOLD=T

* DO 5 I=1,NDIM
5 YOLD(I)=Y(I)

* D(1)=EIT/2.
D (2) =DT/2.
D (3) =DT

* Df(4)=DT/6.
L=l

S 10 CALL FORCE(T7 Y:Y7DYNDIML)

IF(L.EQ.5) GOTO 20
*T=TOLD+D(L1

*DO 15 J=1 NDIM
15 Y(J)=YOLD(J)+DY(L-1,J)*D(L-1)

* GOTO 10
20 DO 25 J=1,NDIM
25 Y(J)=YOLDi(j)+D(4)*(D'Y(1,J)+2.*DY(2,J)
* * -42.*DY(37J)4-DY(4,J))

RETURN
END
SUBROUTINE FORCE(TY 7 DYNDIM7 LRK)
IMPLICIT REAL*8(A-H,O-Z)
DIMENSION Y(NDIM),DY(4,NDIIM)
COMMON NESTXMU7RHO,.XL 7B,Z7CLOG,NPFLAG,
*XMASSOAMMADT7TEMPAEMISS1,EMISS2
COMMON/CIRC/VO,ZO,XLD,XLDOT,XLP7RP,ZEFF
DATA P1/3. 141592653589793238D0O/
DATA SIG/5.6696E-5/,XKB/1.3807E-16/
DATA TO/1.16E-//,XMP/l.6606E-24/
Z26=(26./Z)*$2

* XN=N
XIP=Y(3)
C=XIP*XIF*XMASS*XMP/200./XN**2/XMU/XK'B

* TU=C
- TL=C/(l..Z)
14 DO 10 1=1,20

TEMP=.5*(TU+TL)
ZEFF=26. *SQRT (TEMPt (TO4-Z26*TEMP))
CTEST=TEMP* (ZEFF+1 *)
IF(CTEST.LT.C) GOTO 5
TU-TEMP
GOTO 10

5 TL=TEMP
10 CONTINUE



IF(ZEFF.LT.2) GE=.5824-.101*(ZEFF-1)
IF((ZEFF.LT.4).AND.(ZEFF.GE.2)) GE=.683+.051*(ZEFF-2)
IF((ZEFF.LT.16).AND. (ZEFF.GE.4))GE=.785+.0115*(ZEFF-4)
IF(ZEFF.OE. 16) GE=1.-l.232/ZEFF
RHO=3800. *ZEFF*CLDG/GE/TEMP** (1.5)

* CALL RADFRrAC(EST,TEMF',FRAC) g
EMISS=EMISS * (1 .-FRAC) +EMISS2C--*FRAC
A=(1.E7*RHO*XIP*XIP/2./PI/PI/XN/XN/SIG/EMISS/TEMP**4)**(1./3.)
RP=RHO*XL/PI /A**2/XN
XLP=XL*(.5+2.*LOG(B**N/XN/A/Y(1)**(N-1)))/XN*1.E-9
XLDOT=-2.*XL*(XN-1.)*Y(2)/Y(1)/XN*.E-9
CALL XVOLTrs(T, V)
AS=2. *PI*A*XL*XN
DY (LRK , I) =Y(2)
DY(LRI _ )--(XN-1.)*(XIP/l0./XN)**2/XMU/Y(l)
DY(LRK,3)=(V-(Z+RPiXLDOT)*XIP)/(XLDI+XLP)
DY (LRK, 4) =FRAC*SIG*EMISS2*AS*TEMP**4
DY (LRK, 5) =SIG*EMISS*AS*TEMP**4

0 RETURN
END
SUBROUTINE RADFRAC (EST, TEMP, FRAC)
IMPLICIT REAL*8(A-H,O-Z)
DIMENSION YLT (70) ,YFRAC(70)
DATA YLT/.01,.02,.03,.04,.05,.055,.06,
*.065, .07, .075, .08, .085, .09, .095,
.*10, .11, .12,. 13,. 14, .15, .16,. 17, .18,. 19,

*.20, .22,.24 ,.26 ,.28,.30,.32,.34,. 36, .38,
*.40, .45, .50, .55, .60, .65, .7, .8,.9,1.,

*2.5,3., 3i,5,4.-75., 6.7,7.,78.7,9.710.1,15.1
* * 20.,30.,40.,50.,100./

DATA YFRAC/0. ,3.7E-27,2.7E-17, 1.9E-12,
*1.3E-9,1.35E--8,9.29E-8,4.67E--7,1.84E-6,
*5.94E-67 1.64E-5,3.99E-5,8.7E-5,1.73E-4,
*3.21E-4,9. 11E-4, .00213, .00432, .00779,
* .01285, .01971, .02853, .03933, .05210,

* * .06672,.10087,. 14024, .18310, .22787,
* .27320, .31807, .36170, .40327, .44334,
* .48084, .56428, .63370,.. 69086, .73777,
* .77630, .80806, .85624, .88998, .91415,
* .93184, .94505, .95509, .96285, .96893,
* .97376, .97765, .98081, .98340, .98555,

* * .99216, .99529, .99695, .99792, .99890,
* .99935, .99959, .99972, .99980, .99985,
* .999955, .99998, .9999943,. 9999975, .99999881
* .99999985/
DATA HC/ 1. 2399E-4/ ,C2/ 1.43883/
XLT=TEMP*HC/EST
IF(XLT.GE..02) GOTO 10
FRAC=O.
RETURN

10 IF(XLT.LE.100.) GOTO 20
X=C2/XLT
FRAC=1.-.0513*X**3

* RETURN-@
20 D 30 1=2,70

IF(XLT.OT.YLT(I)) GOTO 30
FRAC=YFRAC (I-i) +(YFRAC (I) -YFRAC (I-i)) *

*(XLT-YLT(I-1) ) /(YLT(I)-YLT(I-1))

30 CONTINUE
40 RETURN

END



SUBROUTINE XCLJRR(XIF'7T)
IMPLICIT REAL*B(A-H,O-Z)
XIP'=5. E6
RETURN
ENE,

* SUBROUTINE OUJT(T,YNEiIM)
IMPLICIT REAL*8(A-HO-Z)
DIMENSION Y(NDIM)
COMMON NESTXMU,RHOXL,B,ZCLOG,NF'FLAG,
* XMASS,GgiMMA,DiT,TEMP,A,EMISSI,EMISS2
COMMON/CIRC/VO, ZO, XLD:,XLDIOT, XLFP, F<P'ZEFF
DATA PI/3.141592-65358979323800~i/, XMP/1 .6606E-24/
DATA SIG/5. 6696E-5/, XP:B/ 1. ?zBC7E-16/
WRITE (6, 999)

999 FORMAT(l9X, 'T' ,llX, 'Y(1) ',11X, 'Y(2 ) 'liX, 'Y(3) '7

* liX, 'Y(4) ',liX, 'Y(5)'
998 FORMAT(34X,'A',10X7 'T(EV)', IIX,'ZEFF',l.X,'DENS').
997 FORMAT(27X,'RP(OHMS)',1QX,'LP(H)',!0X,'VI(W)') I

@996 FOMT2 X ' -H I '1X 'F-B ,0 ,F-.*I '
995 FORMAT(30X,'W-FLD'1 10X,'W-KIN',0X,'J-INT')

T-rTT=TEM'/ 11600.
WRITE(6,iO00) T,(Y(I),I=i,NDIM)
WRITE (6,998)
DENS=XMU/PI /A**2/XMASS/XMP
CALL XVOLTS(T,V)
CALL RADFRAC (EST, TEMP, FRAC)
EMISS=EMISSI*(i.-FRAC)+EMISS2- *FRAC
VI=Y*Y (3)
XI2"R=RP*Y (3) **2
XN=N

* PAS=2.*PI*IA*XL*XN
PBB=SIO*EMISS*TEMP**4*AS*1 .E-7
X12LE'=.5*XLDOT*Y(3) **2
WFLD=. 5* (XLD+XLP) *Y (3) **2*1 .E7
WKIN=.5*XMU*XL*Y(2) **2*XN
WINT=i.5*DENS* (ZEFF+f. )*XKE4'*TEMP

* WRITE(6,1001) ATTTTIZEFFDENS
WRITE (6,997)
WRITE(6, 1002) RP,XLP,VI
WRITE (6,996)
WRITE(6,1002) X12R,PBB,XId''LD
WRITE (6,995)
WRITE(6,1003) WFLD,WY'IN,WINT

1000 FORMAT(5X,6Ei5.5)
1001 FORMAT(20X,4El5.5)
1002 FORMAT(20X,3El5.5)
1003 FDRMAT(20X,3E15.5/)

RETURN
* ENri

SUBROUTINE XVOLTS (T, V)
IMPLICIT REAL*8(A-H,O-Z)
COMMON/CIRC/VO, ZO, XLD, XLDOT, XLP,RP, ZEFF
V=V0
RETURN
END
SUBROUTINE FINAL(T,Y,NIIM)
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION Y(NDIM)7 ZVECT(3),DZV(4,3)7,D(4),ZOLDI(3)
COMMON N,EST,XMU,RHO,XL,B,Z1 CLOG,NPFLAG,
*XMASSGAMMA7 DT,TEMPAEMISSI,EMISS2
COMMON/CIRC/VO, Z01 XLD, XLDIOT, XLP1 RP, ZEFF
DATA P'1/3.1.41592653589793238D0/
DATA XMP/1.6606E-24/,TO/l. 16E7/
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DATA S1G/-$.6696E-5/, XKB/I .3607E-16/
C FINAL ASSEMBLY -- CONVERT TO CYLINDER
C VA=ALFVEN SPEED
C XKK=l/RO=WAYENUMBER FOR MAXIMUM GROWTH
C TASBLY=5*MHD GROWTH TIME

*C KINETIC ENERGY CONVERTED TO TEMPERATURE
C RADIATION ASSUMED BLACK.--BODY
C ZVECT (1) =TEMPERATURE
C ZVECT(2)=RADIATED ENERGY ABOVE EST
C ZVECT(3)=TOTAL RADIATED ENERGY

X N=N
Z26= (26. /Z) *42
ROUT=A+Y(1)
DIENS=XN*XMU/P'I/ROUT**2
EiOUT=Y (3) /5./ROUT
VA=SORT (BOUT*E'OUT/4. /PI/DENB)
XKK=1. /ROUT
TrASBLY=5. /XKK/VA
WKIN=.5*XN$XMU*XLNY(2) **2
TIN=TEMP
C=XMASS*XMP,*Y (2) **2/(3. *XKB)
TU=TIN+C
TL=TIN+C/ (1.+Z)
DO 10 I=1,20

aTEMP=.5*(TL+TU)t
ZEFF=26. *SORT (TEMP/ (TO+Z26*TEMP))
CTESW (TEMP-TIN) *(1. +ZEFF)
IF(CTEST.LT.C) GOTO 5
TU=TEMP
GOTO 10

5 TL=TEMP
10 CONTINUE

WRITE(6,996) TEMP/11600. ,ZEFF
996 FORMAT(1OX, 'TEMP7 ZEFF=' 72E15.5/).

CALL RADFRAC (ESTTEMP, FRAC)
EMISS=EMISS1* (1. -FRAC) +EMISS2*FRAC

* AS=2. *PI*ROUT*XL
ZVECT (1) =TEMP
ZVECT (2-)=Y(4)
ZVECT (3) =Y (5)
XK2=SIG*AS
XK1=XK2*XMASS*XMP/ (1.S*XN*XMU*XL*XKB)

e DT=.05*(1.+ZEFF)/XK1/TEMP**3/EMISS
D (1) =DT/2.
B (2) =DT/2.
D(3)=DT
B (4) =DT/6.
KPRINT=O

4 NMAX=1+INT(TASBLY/DT)
* NPRINT=NMAX/100+1

['0 40 JJJ=1,NMAX
TOLD=T
DO 15 KKK=1,3

15 ZDLD(KKK:)=ZVECT(CKK)
* L1l
20 CALL DERIV(T7 ZVECT1 DZV1 L7 XK1,XK'27 Z26,EST,EMISS1,EMISS2")

L=L+1
IF(L.EO.5) GOTO 30
T=TOLD+D (L-1)
DO 25 KKK=17 3

25 ZVECT (KIK) =ZOL'(KICK)+tIZV(L-1,KK ' (L-1)
GOTO 20

30 DO 35 KKK=1,3



35 ZVECT (KKK) =ZOLD 0-4I .K.) +11 (4) *(DZV (1, V-4:4) +2. *DZV (2, vKK
*+2. *DZY (3, K) +E'ZV (4, KKK
IF(ZVECT(l).LE.1.E3:) G0T0 50
IF(NPFLAG.EQO0) GOTO 40
I'PRI NT=K'PR INT+ 1

* IF(KPRINT.LT.N'RINT) GOTO 400

WRITE(6,999) T,ZVECT(1)/1I.600.,ZVECT(2)*l.E-7,ZVECT(3)*.E-7
999 FORMAT(10X,'TTEMPWRADO7 WRADl='7 4E15.5)
40 CONTINUE
50 CONTINUE
* TTTT=ZVECT(1)/11600.0

WRADG=ZVECT (2)* 1. E-7
WRAD=ZVECT (3) *1.E-7
ZEFF=26. *SQRr (ZVECT (1) /(T0+Z26*ZVECT (1)))
WRITE (6,1000) ROUT, TASBLY, DENS7 TTTT, ZEFF, WRADO, WRAD

1000 FORMAT(lH01 20X1 'FINAL ASSEMBLY'/
* 5X, 'COLLAP'SE RADIUS(CM)=' ,E1S.5/
* 5X7 'ASSEMBLY TIME(SEC)=p7El5.5/
* SX, 'DENSITY(G/CC)=' ,E1S.5/
* X, 'TEMPERATURE(EV)=',El5.5/
*5X,'ZEFF=',El5.5/
* X,'RADIATION ABOVE EST (J)='1 El5.5/
* X, 'TOTAL RADIATION(J)=',E1S.5)
RETURN
END
SUBROUTINE DERIV(T,ZVECT7 DZV7 LXKI,XK'2,Z26,EST,
*EMISS17 EMISS2)
IMPLICIT REAL*8(A-H,O-Z)
DIMENSION ZVECT(3)7 DZV(4,3)

* DATA TO/1.16E7/
IF(ZVECT(l) .LT.0.) ZVECT(1)=O.
TEMP=ZVECT (1)
TFAC=TO+Z26*TEMP
CALL RADFRAC (EST, TEMP, FRAC)
EMISS=EMISS1* (1.-FRAC) +EMISS2*FRAC

* DZV(L,1)=-EMISS*XK1*TEMP**4/(1.+26.*SQRT(T/TFAC)*(l.+.5*TO/TFAC))
DZV (L, 2) =EMISS2*FRAC*XK2*TEMP*$4
DZY (L, 3) =EMISS*XK2*TEMP**4
RETURN
END
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* EGVPRB. INF

- - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - --

* -4
$

This is a user-info file for usins the EGVFRB Packase
for solving eisenvalue Problems of the form,

ay'' + by' + cy = 0
where the coefficients, a,b,c, depend on the independent
variable, r, and on the eisenvalue. The code finds the
eisenvalue as well as the eisenfunction, v(r). The cur-rent
version (as of 6/1/83) of EGVPRB is set up to solve the linear,
ideal MHD Problem for an arbitrarv cylindrical equilibrium.
The user- may use this Packase to solve other eisenvalue Problems
of the form sivern above by defining new coefficients and
boundary conditions in SUBROUTINE MATRIX.

The code may be run in either of two modes. In the first
mode it calls COMPLEX FUNCTION CEVALF to find the roots
of thh characteristic eisenvalue equation. Alternatively,
the code may be used in a mode where it examines the value
of the eisenvalue equation over a range of user-specified
trial eisenvalues. This second mode allows the user to search .

manuallv for the root, and to examine the behavior of the
coefficients as the eisenvalue Parameter is varied.

* STEP 1

@esvsetup
This command causes the VAX to assisn names to the various

files it will use or create during the run.

d FILE NAME
forO03.dat egvprb.scr.
for030.dat esv.rb.dat
for-015.dat esvlt.dat
for090.dat esco.l t.dat

k The files serve the following Purposes:
esvprb.scr.-- contains the detailed Printed output

from the run. Only an abbreviated
version is sent to the user's
terminal during an interactive run.

egvprb.dat-- inFut data for egvprb, containing the
b c-ylindrical equilibrium Parameters.

This file is written by MHDEQUIL for-
user-specified equilibria. A separate
routine which uses the output of a rad-
coupled hydro code to specify the equilibrium
could be used to senerate this file.K. esvplt.dat -- input data for, the Plotting code,
EGVPLT, which Plots the answer found by
esvprb. This file is generated by
esvprb when it is used in the mode where
the code finds the root.

escoplt.dat-- irput data for. the Plottins code,
EGCOPLT, which Plots the coefficients ai
trial eisenvector when the esvF.rb code i.s
run ir, its second mode. This file is created

--.' .-i v .-.-.-.'. ,.'-.-.?, .' .,. '..,,.-" . ,'-. ---..-. .. . : -.. .-; -. - .-- .- . - . .. . '-.- -. - -* . -. :>,., i"o.,
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by esvFrt, in its second mode, where the user.
manually searches for. the root.

This command is required at the besirnins of each session.

STEP 2

run mhdequil
This code sets Up a cylindrical equilibrium for esvprb based

on user• input. All data is entered in inks units. The code will
Prompt the user for:

awa 11• ~bthetalradius/ifit ?0

-ressure/radius/ifit

mass density/radius/ifit
The user should Provide free-format inFuts consisting of:

line 1: awall -- wall radius (meters)
line 2: btheta array -- input array of azimuthal

magnetic fields (uF to 11 values)
line 3: radius array -- input array giving radii at which

magnetic fields were specified
line 4: ifit array -- inFut array of 0 or 1 for' sFecifying

whether linear (ifit=O) or 1/r
(ifit=l) irterFolations
are to be used to specify
the magnetic field for esvprb.

line 5: Pressure array -- Pressure profile (nt/m**2)
line 6: radius array -- radii where Pressure specified
line 7: ifit array -- linear, /r fit switch for Pressure
line 8: mass density -- density Profile (ks/m**3)
line 9: radius array -- radii where density specified
line 10: ifit array -- linear,1/r switch for density

The code will generate input data for esvpr-b, and store it ir,
unformatted form on esvprb.dat.

This step is needed only if esvprb.dat does not already exist.

STEP.3

run read30
This code reads esvprb.dat and allows the user to see the

data he is feedins to egvprb..

P STEP 4

run esvprb
This is the main code. It will read the equilibrium data

from esvprb.dat, and will Prompt the user. for additional
informatiorn:

is EVGUES, DEVAL,NEVAL,XK,XM,GAMMA, IBCL,IBCR,XLXR.
These quantities ar-e to be inputted .in free-format as a
single line input. They stand for the following data:

evsues -- initial guess for the eisenvalue, normalized as
(omesa~awall/vaa)**2, where omesa**2 is the
eisenvalue (a squared fr-equency),awall is the

4 wall radius, and vaa is the Alfven speed at
the wall.

deval -- eiservalue increment for use when the code is
used in mode 2 -- the code will examine the
system for. neval distinct choices of the
eigenvalue, starting with evsues and incrementins
the eigenvalue by deval to set each new choice.

reval -- the number of trial eigenvalues when the code
is used in mode 2. If reval=0 is entered, the



code will rur, in the f.rst mode, disregarding
deval and usirng evsue. , as , the first guess for
the root firider.

xk -- the axial wavenumber, ror mal1&d as 1:*awal].
xi --M the az i muthal rmode rui ber .

Sarrima -- the SFeCIfIC heat ratio, default value is 5/3 
i b c1,it,cr -- boundary flags, default to dir ichlet bc's
xl,xr. -- sr.id limits, default to normalized 0, 1 sr-id.

The code will also .rompt (after. some time) for. a Parameter,
SETNRM, which allows the user to alter the normalization of the
determinant. Typically, this Far ameter will be specified as 1,

* but if the determiinant is close to either under-flow or overflow
orn the VAX, sFecifyir,g setrrm different from 1 may allow the
calculation to proceed. Alternatively, the number of nodes
carried by code car te reduced to avoid over-flow/under-flow.

The output from the code will t'e on esvprb.scr, arid or,
Plot files esvFlt.dat (mode 1) or. escoplt.dat (mode 2).

STEP 5

run escoPlt (mode 2)
No user input is required. The code will senerate Plots of

1) det vs. ev -- the charcteristic determinant vs
the eisenvalue.

2) a-coefficient vs. r for each eisenvalue (3-d Plot)
3) b-coefficient vs. r for each eisenvalue (3-d Plot)

4) c-coefficient vs. r for each eisenvalue (3-d Plot)
5) eiserfurlctior, vs. r for each eisenvalue

STEP 5'

run eevPlt (mode 1)
User may specify which Plots are desired. He specifies:

NGRAPHS -- # graphs to be senerated
MGRAPH(J) -- switch for each type of graph

1,0 mean Yessno
mraPh(1) -- Plot a-coefficient vs r
msraPh(2) -- Plot b-coefficient vs r
msraph(3) -- Plot c-coefficient vs r
mgraPh(4) -- Plot eisenfunction vs r

* -------------------------------------------------------------------- 4-

* END OF EGVPRB.INF

---------------------------------------------------------------------

$
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$ASSIGN EGVFRB.SCR FOR003
$ASSIGN EGVFRB.DAT FOR030
$ASSIGN EGVPLI.EIAT FOR015

$ASSIGN EGCOPLT.DAT FOR090

$s



* 0

APPENDIX F

Listing of MHDEQUIL

fb

F-i

. .. .

. . . ..,



PROGRAM MHDEOUIL
C
C*****WRITES MHD EQUILIBRIUM DATA

C***** FOR EGYPR8
*C*****QN FILE F0R030.DAT
C

Paramneter (rt=21,
rip2Fr=np42,

* rgirp=11)
dimrensioni bth (riF-2p) ,F-ress (nF2F,,rho (riF2,),

* ~firn (nrir) rirF(rninF'),ifit(irp)
*data awall/I, xrn/1.256637e-6/
data 9arnrra/1.66667/
data xl,xr/O.,l./
data ifit/ririe*0/
rewirnd 30
Pringt 1000

1000 forrnat(lx,'eiter data in mrks units'/
* 3x, awall'!
* 3x7 't~theta/radius/ifit'/
* 3x,'Pressure'/radius/ifit'/
* 3x, 'mass dersitv/radius/ifit'/
* 1l0x,'ifit=(07 1)=(linear,1/r) fit to data')

read(5,*) awall
xrawa 11
del = xr -xl
do 10 il,rp
fac= (float (i-i-) /float (rp-1))

*10 Physrd(i)=xl~deltfac
re'ad(5,*) finp
r'ead(5,*) ririp
re'ad(5,*) ifit
if (riri (1) .ne.0.) soto 500
do 15 j=2,njnp

*if(rirnp(j).eq.awall) rn~)100*wl
15 continue

do 25 i1l,nFp
rphsrd i)
do 20 j=l7 niri
if(rinF(j).le.r) soto 20

* if(ifit(J).&9.0) bth(i)=finpij-l)+(finip(j)-finp(j-l))
* *(r-rinp(j-1) )/ (rinp (i) -rigp(j-i))

soto 25
20 continue
25 continue

I.C*****

do 30 il,ninp
i f it i) =0
rinpr(i)inO.

30 fingp(i)=0.
read(5,*) firip

* re'ad(5,*) rir-
read(5,*) if:
if(rinp(1).ne.0 so*.o 500
do 32 J11,niri

32 continue
do 40 i1l,sr
rinphvsrd (i)
do 35 i-l,ninF.



if( riri(0J) .1e. r- sot o 35
if( if'it 0 ) . et. 0) Fress(i =firF (,-l+fiIF (J '-fiiF (J-1.)

**r-rjnF( iP0-1) /r iri(0J) -r-iIF(0 -1)

soto 40
*35 continue
40 continue

do 45 i1l,rinF-
i f i t (i )=0

r irip i )=0.
45 f inF i)=0.

read(5,*) f irip
read (5,*U ririp
read (5,*U if it
if(rirp(1) .ne. 0.) soto 500

* do 47 i=2,riinF'
if'(ririF' ) eqt.awall) rinF U )=1.0001*awall

47 continue
do 55 j=l,np
r=Fphysrd ( i
do 50 J1l,iri
i f(r irip0 ) .l1e. r) soto 50

* *(r-rinF (j- ) ) /(rinp U)-rinF (j-i))
if ( if it U) .R . 1) rho( i ) firp 0U-i) *rinF' 0-i) /r
soto 55

50 continue
55 continue

write(6, 1001)
*1001 format(1h1,19>x,'r',12x,'bth',12x7 'rho',1x,'P'ress' ,

* 13x, 'va' ,13x, 'cs'/)
do 60 i=1,rsp
va (i )=sqr-t(Lth (i) **2/xrn0/rho (i))
cs(j)=sqrt(garnra*press(i)/r-ho(i))

46 1002 f orrat (5x, 6e15.5)
60 continue

write(30) awallitith,rhoFressivascs
eridfile 30
soto 600

500 write(6,1003) rinip(l)
*1003 format(lh0,5x,'**********input error-*****rirvp(l)=0. is expected',

*'******$****inp~ut has rinF(l)=',el5.5/)
600 continue

stop

en
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Prosran re'adlS
a r armiet e r. rs d F=10 1

d i rrn s~ i o n VI> t sr d (rni9d) P vp 1 t r nrs d) PpI 1t i nrisdFP
rewind 15

* do 100 m=1,4
read (15) rgsd7 pltsr-d, Fltr7 Piti, vniiri, vrriax
write(6,1000) rnsd

1000 forrrat(lhl,5x, rsd=',i6)
write(6,1001) ( plt g rd ( i i1l,nsdF')

1001 foraiat(5x,'Fltsrd='/' 50(10x,6el5.5/))
* write(6,1002) (Fltr(i), i1l,nsdp)
1002 forfiat(5x,'Fltr='/50(10x,6e15.5/))

write(6,1003) (plti(i), i1l,rgdp)
1003 fornfiat(5x,'Plti='/50(10>x,6e15.5/))

write(6,1004) Yrnirn,vrax
1004 forrniat(5x,'vrniiri=',el5.5,5x,'vrniax=',e15.5)
100 cantinue

end



Programn read3O

c reads & Prinits for-030 writtenr by *
C by myhdectuil to Provide data to c-svprb *

Pararreter (nF=21,
* riP2F=rip+2)

d i mn rs i o n bth (niF2P) , Press (riP2F) rho ( niF2)
* ~va (iF2F)cs (ni2F) , hvsrd (rp2F-)

rewind 30
*read (30) wlbtiriore---7ac

do 10 i1l,rF-
fac=(float(i-l)/float(iF'-1))

10 Fhysrd(i)=awall*fac
write(6,1000) awall

1000 forrat(IhO,20x7'data for esvppb'/10x,'awal1='ve15.5/)
write(6, 1001)

1001 forrriat(5x ' i' ,9x 'r' ,7x,'tth' ,7x, 'rho' 5x 'Press'7
* 8x, 'va' , x, 'Cs')

do 20, i1l,rg

1002 forrat(1x~i576el0.3)
20 c o ntin u e

stop
en~d
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PROGRAM EGVPLT
C IMPLICIT REAL*6(D)

REAL IX1,IX27IYlIY2
INTEGER OTAPE, BUFFER (1)

* LOGICAL LTIME
PARAMETER (NGDP= 101)
1) 1MENS I ON EF'LTGRD (NGDP) ,DPLTR (NGDP) DPLT I (NGDF) ,
SPLTGRD (NGDPF) ,PLTR (NGDP'),PLTI (NODIP) ,MGRAPH (4)
INTEGER TITLIN(l),TITEND(1)
LENE4UF= 1

* OTAPE=106
NOR APHS= 1
XlR=150.
X2R=750.
YlR=100.
Y2R=700.
NDVX=20
NDVY=20
LTIME=. FALSE.
TIME=0.
PRINT 900

900 FORMAT (IX,'NORAPHS, MGRAPH' /
* 5X,'MGRAPH(J)=(1,0)=(YN)'/
* 5X,' J=1,2,3,4=A,B,C,EV')
READ (5, *) NGRAPHS7 MGRAPH
CALL GRAFIT(07 OTAPE7BUFFERTITLIN)
CALL G3RAFIT(BOTAP'E,BUFFER,-l)
REWIND 15
NREArI=o

* DO 100 JGRAPH=1,NGRAPHS
5 NREAD=NREAD+l

READ( 15, END=150) NGD,DPLTORD7 DPLTR, DPLTI ,DYMINDYMAX
IF(MGRAPH(NREAD).EQ.O) GOTO 5
YMIN=DYMIN
YMAX=DYMAX

* VYYMAX=MAX(ABS(YMAX) ,ABS(YMIN))
IF(YYMAX.EQ.0.) YYMAX=1.
YMAX=YMAX /YYMAX
YMIN=YMIN/YYMAX
DO 10 J=1,NGDP
PLTGRD d) =DPLTGR' C)

* PLTR (J) =EPLTR (J)
10 PLTI (J)=DPLTI Cd)

DO 20 J=11 NGDP
PLTR (J) =PLTR d) /YYMAX
PLTI (J)=PLTI (J) /YYMAX

20 CONTINUE
A Xl=PLTGRI(1)

X2=PLTGRD (NOD)
IX1=X1
IX2=X2
Y1=YMIN
Y2=YMAX

1Y2=V2
CALL GRIGEN(X1,X2,X1RX2R,Y1,Y2,Y1R,Y2R,
*'R $.',' LPMA S'

*TIME, IX1,IX2, IY1,IY2,NEDYX,NDVV1 LTIME)
CALL PLDTL-(PLTGRD,PLTRvNGD,' S'
CALL PLOTL(PLTGRD,PLTI,NGD,' .$'

CALL GRAFIT (4,- -TAPE, EUFFER, JGRAPH)
100 CONTINUE
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PROGRAM EGCOPLT
compl~ex ev,det
REAL IXl,IX2,IYl,IY2
INTEGER OTAPE, BUFFER (1)

* LOGICAL LTIME
PARAMETER (NGDP=101,
* rievalp=20)

D'IMENSION Yyrnr(4), yyrax (4) ,de'tv (revalP),e-vv (eval*) 7
*aa (4, n eva 1 P,rnsdP) ,x da ta (n eva 1 P,rnsdP) , Yda ta (neva I P, n 9dP),
* XFl10t (rsdF') , Flot (rsdp),

*PLTGRD (NGDP) ,PLTR (NGDP) ,PLTI (NGD'),MORAPH (4)
INTEGER TITLIN(1),TITEND(l)
data sphi/.666/,cphi/-.5/
LENBUF=l
OTAPE= 106
NGRAPHS= 1
XlR=150.
X2R=750.
YIR=100.
Y2R=700.
NDVX=20
NDVY=2O
LrIME=.FALSE.
TIME=0.
CALL GRAFIT(0,GTAPEBUFFERTITLIN)
CALL GRAFIT(8,OTAPE,BUFFER,-1)
REWIND 90
read(90) rieval
do 8000 rn=1,4-

* ~ymfiir()=0.
8000 Yvrax(rn)=0.

detrri =0.
de'tm~ax=O.
do 8010 i1l,neval
read(90) evdet

* evv (i) =rea 1(ev)
detv(i)=real (de't)
de'trinmiri(detrnin,detv(i))
detrnax=rnax(detrnax,detv(i))
do 8008 M=1,4
reaci(90) risd~pltsrd~pitr,p1ti,vrniirg,ymax
do 8005 j=l,ngd

8005 aa (m, ij) =pl1tr- 0)
vvmin(mr)=mn(yvmiri(m),gmi)

8008 Yvmnax(rn)=rnax(Yvrnax(rn),vrax)
8010 continue

do 8015 M=1,4
Vs vrnaxx=na x (abs ( Yi n (mn))abs (vYna x (mn)

y mirng(mg)=vyyiin (m) /yrnaxx
Yymax(mn)=vynax(rn)/Ymaxx
do 83015 i=1,rieval
do 8015 j=1,nsgd

8015 aa(r,i~i)=aa(rn,i,)/Ynaxx
U.C
* ddmaxrnax(ate.(detnins),abs(detrnax))
* do 20 i1l,neval

20 detv(i)=detv(i)/ddnax
de-tmraxdetrax/ddmax
de'tmn~dE-tff,i r/ddrnax
evmin-mnin(e,v(),evv(neval))
evrnax=mrax(pvv(fl,pv(neva 1))
evmra x xrna *(a bs(vm ii,' ,a ts(pEvmra x)



do 8020 i=1,reval
8020 &vv(i)=evv(i)/e'vrnaxx

evmax=evnax/evna xx
e vri revri ri/ evrrna x x
evrrirg=min r(evmri, 0. )

*evrriax=rrax (evrrax,Q0. ) 41
detmn=rriln( detmnr, 0.)
detrrax=rax(detrnax,0.)
X 1= ev rn i n
X2=evax

IX2=X2
Vi = de tin
Y2=detmax
IY1=Y1
IY2=Y2
J sraph=1
CALL ORIOEN(X1,X2,XlRX2R,Y1,Y2,YlRY2R,
*'EV $.17' TED S'
*TIME, IXI,IX2, IYIIY2,NDVXNDVY,LTIME)
CALL PLOTL(evv,detv,ieval,' S'
xp lot (1)=evrn
xF lot (2)=evniax
Yplot (1)0.
Yplot(2)=0.
Call FlOtl (XPlot,VFlot,2, ' ... '
CALL ORAFI T(4, OTAPE,BEUFFER, JORAPH)

100 CONTINUE
do 8500 M=1,4

* vYmax=0.

xmrax=O.
do 8100 i=1,ne'val
do 8050 j1l,rgd
xdata(i,j)=Pltsrd(j)+evv(i)*cphi

*b Ydata(i,.j)=aa (in,i,i)-evv(i)*sphi
xmrir=ini(xini,xdata(i,.i))
xrniax~max (xmax, xdata (i~i))
vni n=ri r;(vrrir, data (i±, j
Ymaxmax (viaxvydata Ci,.))

6050 continue
04 8100 continue

xagaxx=rnax(abs(xrnir,),absixrntax))
mx x=rnax Cabs ( vin) ,abs( viax))

d6 8200 i=1,ieval
do 8200 ji1,nsd
xdata Ci,j.)=xdata (i , .) /xniaxx

a8200 Ydata(i,j)=vdata(i,Ji)/vmaxx
xrniax=xmax/xrnaxx
xrninxni r/xna xx
Yinax=vtmax/ vnaxx
Yftinvrir/vmaxx
)( nrin (x m i n, 0.)
xmax=max(xmax,0.)
Yniin=mrin(ymnr,0.)
viaxmax(vmax,0.)

x2=xa x
vi = vin 
Y2-vmrax
ix linx
ix2-x2



i 1 Y2,

CALL GRIGEN(XlX2,XlR,X2-:RY1,Y2,YIRY2R,j
*TIME, lXI, X2', IY1,1Y26,NDIVX,NDVY7 LTIME)

* do 8300 i1I,reval
do 8250 ijl,n~sd
xp-lot (j)=xdata Ci,..)

8250 y p 1ot(UJ) =da ta (i,.i)
call rlotl(xplot,vr-lot,nsd.' S'

8300 continue
do 8400 i=1,neval
XPlOt(l)=eVV(i)*CF-hi/XMAXX
XFl10t(2)=xplot (1)
YFlo0t(l)=(vvrnin(ff)-evv(i)*sp~hj)/YMAXX
Y F-l1ot (2) = (vva x (M)-eV V(i) *Srhi0/YMAX X
xlot (1) =rax (Xr-lot (1) , xmn)

xplot(2)=ffir,(xplot(2),xnax)
Yr-lot (1 )=rax (yr-lot(1), vrn)
Yr-lot (2) =mnrivrlot (2) vrnax)
call Flo0tl(xplot,Yr-lot,2,' $.I) V
xrlot(l)=evv(i)*CFphi/XMAXX
XF-lotC(2)=(rltsrd(rsd)+evv(i)*cr-hi)/XMAXX
Yplot (1)=-evv (i) *sphi/YMAXX
Yr-lot (2) =-evv U) *sr-hi/YMAXX
xr-lot(1)=rnax(xr-lot(1),xnin)
XF-lot (2) =fi XF lot (2) , xm~ax)
Sp lot (1) =ra x (v lot (1) , vrin)
Yr-lot (2) =rnr( yrlot (2),vmax)
call rioti (xrl-ot, vplot,2, '

*B400 cniu
xplot (I)=evmir,*cphi/XMAXX
xr-lot (2)=evrnax*cr-hi/XMAXX
Yr-lot (1)=-evrniin*SF-hi/YMAXX
Yr-lot (2)=-evnax*sr-hi/YMAXX
call Flo0tl(X~lot,YF-lot,2,' .'

* CALL PLOTC(O.,0.,1,' .... '
C XPLOT(1)=EYMIN*CPHI
C YPLOT (1) =YYMAX (M) -EVMIN*SPHI
C XPLOT(2)=EVMAX*CPHI
C YPLOT (2) =YYMAX (M) -EVMAX*SPHI
C XPLOT (3) =PLTGRD (NGDI) .EVMAX*CPHI

AC YPLOr(3)=YPLOT(2)
C XPLDT(4)=PLTGRD(NGD)+EYMIN*CPHI

* C YPLOT(4)=YPLOT(1)
C XPLOT(5)=XPLOT(1)
C YPLOT(5)=YPLOT(1)
C XPLOT(6)=XPLOT(5)

0'. C YPLOT(6)=YYMIN(M)-EVMIN*SPHI
C XFLOT(7)=XPLOT(4)
C YPLOT(7)=YPLOr(6)
C XPLOT(8)=XPLOT(3)
C YPLOT(B)=YYMIN(M)-EVMAX*SPHI
C XPLOT(9)=XPLOT(2)

'C YPLOT(9)=YPLOr(8)
C XPLOT(10)=XPLOT(6)
C YPLOT(1O)=YPLOT(6)
C XPLOT(11)=XPLOT(7)
C YPLOT(11)=YPLOT(7)
C XFLOT(12)=XPLOT(4)
C YPLOT(12)=YPLOT(4)
C XPLDT(13)=XPLDT(3)
C YPLoT(13)=Y'LOr(3)

A- % ....



C XFLOT(14)=XF'LOT(S)
C YPLOT(14)=YPLOT(8)
C XF'LOT(15)=XPLOT(9)
C YPLOT(15)=YPLOT(9)
C X PLOT ( 16) =XPLOT (6)

*C YPLOT(16)=YF'LOT(6)
C DO 8900 11=1,16
C IF(XPLOT(II).GT.XMAX) XPLOT(II)=XMAX
C IF(XPLOT(II).LT.XMIN) XPLOT(II)=XMI N
C IF(YF'LOT(II).OT.YMAX) YPLOT(II)=YMAX
C IF(YPLOT(II).LT.YMIN) YF'LOT(II)=YMIN
8900 CONTINUES
C CALL PLOTL(XPLOT7 YPLOT1 16,' .. '

i Jsra PhrTI+ 1
* call srafit (4, otaF-e,tbuffer, j raphi)

* 8500 continue
* call srafit(9,otape,t'uffer,titend)

stop
end



00

APPENDIX J

* Listing of EGVPRB4

M&

ff.

J-1



WK ik7 - .. P b .

c#########################################

c0

C

PARtAMETER(NP = 21,
2 fleqF- 11

*3 niF 1,
4 ndiF= 1,0
5 nitip= 4,
6 nsdp=101,
7 nrn2p=np-2, nirnip=rnp-1 , rip I p=riF+1, riF2pF=np+21
-7 rieqsqprieqF'*rieqp, neFp=4*neqp+1,

* 3 maXFrine~p~(edF, nsap=16*nF2p, ialF=7*nie'qscqp,
4 nidff12p=negqp*nF-2p,nrdM3rnregqsgp*nip2p,

*5 ndff23P=3*n~eqp,nidm33P=3*nieqS9F')

c omrion/baksub/aa (ridn2p, ridmr2p)
* cammon/envcs/esvs(nip2p,nieqp),usi(idrn2Fp),wa(idm2p)

cornmon/bdycds/bcl(3,naeP),bcr(3,neqp)
comnmon/matrix/ a(nF2e,neqp,neqp),

1 b (nip2p,nreqp, ne9'F),
* 2 c(nF2p,neqp,ne'p)
* cornmon/tnisfrm/ ar (r;F2p,nreqp,nre'q) , ai (np2p, nieqpnieqp)p

1 br (rp2p,nrip, neRF) , t'i (rp2p, RiveRP)7
2 -cr(nFp2p,rie'p,neRP), ci(rnp2p,neqp,neip),

* 3 ars(np2p,ne'qp,rieRP),ais(np2p,ieqp~neqp),
4 brs(rip2pvrne~p,rseqF),bis(np2p,neqpvneqp),
6 crs(rip2p,ne'p,neRp),cis(np2p,reqp,geqp)

cornrnon/svals/phi (raXF),spvals (ngdp,nri2p)
cotnono/rids/nd,xl,xr,phygrd(np),Fpltgrd(ngdp)
common/ irntser*/r'eq7ncqs~ ndm2,ridm3, ndm23,rgdm33,rax, itrnax

'C
COMPLEX ev,evoldie'gvs,usi,cmxe,aa,al,phi
COMPLEX a,b,c,det,detnrgi
COMPLEX bcl,bcr,znorm

c

* ~common/rcl/rim27nrl~n,,nip17nFp2
cormnrnr/rc1/n (rip), rn (ne)
carnmon/sacl/sa(risap)
commor/phiOl/pOl (rep) /Fr 1 i02/P02 (np) /PhiO3/P3 (rip)
common/phi1 /p1 1(flp) /Phi 12/P12 (rp) /Phi j3/P.3(rip)
commor/phi2l/p2(p)/Phi22/Fp22(np)/Phi23/p23(ip)
commfo,/phiil/Fil(rip)/Phii2/pi2(np)
commori/-hii/pi3(nip)/Phii4/pi4(np)
comffiwoi/phi4/e(rip2p)/Phi5/f(np2p)
c ommori/bnidvl1s/bcOp, bcOpl1, bcl1p1 bcl1p, t'cl1,tbcO
commor/errcl/e'rn(np2p)
commoni/serrcl/amfxerl,amxer2,ermax

* comfmon/dumi/di (np2,)/dum2/d2(np2p)
C
L commorns for. spline integrals
C

* c#### ssi (nep2, i) ,dsi (np2,7,,i ) ,tsi (rep2,49, .c)
c# c### i-numbe'r of single iretegrals
c#### i=naumber of double irnte'rals

* c#### k=neumber. Of tri~le integrals
c C 

.. * *



c mornn/ss icl1/ss i (rI2,rns i P
Commrror/dsic 1/dsi (rIPpF,7, rid iF)
cormnrnr/tsi ci/tsi (riF2F,49, ritip)

*~ cmorn~/rissi P/ris i, nsi ( r~~iP ,rs~v (2, ris iP)
cornrori/rdsip/ridi,ndj(ridip),rndv(4,rjdiFp)
cornfioI/tsiF/riti ,rtJ (rti) ,ritv (6,ritiF)

equivalence (sa, sa3)
dimnsiorn sa3(4,4,rip2Fp)

ec
c setup t'ourndarvY conditions

c it-ndr-v = I left bouridar-Y condition
c ibridry = 2 risht bourndarvY condition

COMFPLEX ternbc(3),srf'trm

indcex =(ibndry-1) *riP1*neqt

deli = 1./(xr-xl)
C

do 90 i=i,neqt

so to (10,20) ibndry

10 continue
do 11 i=1,3
temtbc (.) =bcl(ji)

* 11 continue
so to 30

20 continue
do 21 j=173
ternbc 0) bcr (J, i

21 continue
* 30 continue
c

tI = AE(S(ternbc(l))
t2 = ABS(tenbc (2))
t3 =ABS(tembc (3))

C
if(t1.ne.0..or.t2.ne.0.) so to 40
Print 100
WRITE(3, 100)
stop 300

c
40 if(tl.rie.0..or-.t3.ne.0.) so to 41

* so to 90

41 jf(t2.ne.0..or-.tS.ne.0.) cto to 42
do 50 k1l,ndn,2
aa(inidex+i,t:) =(0.,0.)

50 continue
4D aa(index+i,index+i) =(1.,0.) -

go to 90
C

42 i f(t1. ne'.0.) so to 43
Prinit 101
WRITE (3, 101)
stop 301

C
43 if(t2.ne'.O.) so to 44



Print 102
WR ITE (3 1O2)4
S tO0P 302

C
44 if (t3. ne. 0. ) qo to 45

so to (61,62) ibnidrv S
61 continue

sr-ftrn = -delita ( 1.,i, i) *bc0**3*temrbc (1) /terrbc (2)
so to 63

62 continue
srftrni deli*a(riF2-,i,i)*cl**3*temb-c(1)/temfbc(2)

63 continue
aa(index+i,iridex+i) =aa(index+i,index+i) + srftrm
so to 90

c

45 continue
Print 104
WRITE(3, 104)

*stop 304
C

90 continue
C

100 format(1x,' stop 300 improper boundary conditions impFosed')
101 format(lx,' star 301 boundary conditions not vet implemented')
10oomtl, tp3- onaycniin o e mlmne'
102 format~lx,' star 302 boundary conditions not vet implemented')
103 format(lx,' st o P 303 boundary conditions not vet implemented')

c
return
end

* COMPLEX function cevalf(evtril,fcn)
C IMPLICIT REAL*8(A-H,O-Z)
c***** written by Ji. c. macmrahon univ. of texas at austin oct 1973
c**t**modified by w. h. miner univ. of texas at austin Jun 1976
c*****modified by a. a. mandelli science applications, inc. mar 1981.
c*********** Oct 26 - 2.9

A c********** oct 23 -- mate with fcn rIks
c

external fcn
ca

commrroni/cevlfl/dxl, ftest7 dftest, dxtstl, dxtst2, tstep, tcuad
commffon/cevlf2/imax, ieval, keys ister,J start

p, common/cevlf3/fl,xl

COMPLEX dxl,xq(2),evtril,fcn
COMPLEX xO,xl,x2
COMPLEX fO~fl,f2
COMPLEX aO,ai,a2
COMPLEX a,b,c,d,df,x6

C

data dxl,ftest,dftest,dxtstl,dxtst2,tstep,tquad,imfax/
1 (.0Ol,0.), 1.c-OS, 1. e-09,1. c-OS, 1. ,.2,. 02,15/

C

c

c dxl initial stepr
c ftest tolerance on fcn
c dftest minimum df (Jiexit=5)
c dxtstl allowed estimated error, in ev
c dxtst2 maximum clx (jerit=4)
C tster defines 'small' step
C tquad test for neisheori,- root



c irma x maximum nium~ber of calls to fcr

C

c root solver modified to restrict search to REAL ROOTS ONLY

data epsi2/ 1.e-16/
data istart/0/

c

DIX1R=MIN(REAL(DIXI),ABS(REAL(EVTRIL)/I0O.))
TOUAED=DXlR**2
DX 1=CMPLX (ILIX IR,0.)
DXTST1=DX 1R**2/ 1000000.
DXTST2='X R**2-* 100.
DFTEST=FTEST/DX 1R**2

c
WRITE (3,1)

* 1 format(/' i, evr,evi, absq(fcn), kode'/)
c

c *********set up for first iteration
2 istep'=-1

x=evtri 1
ieval=0
key=0
so to 10

C

c *******test ieval, dx
5 if(ieval.se.imax)so to 99

if(istep.eg.0)gso to 6
ec

dx-x2
t=REAL(d)**2 + AIMAO(d)**2
if'(t.1t.dxtstl) go to 110
if(t.st.dxtst2) go to 120

c *******shift Previous values
* 6 fO=fl

fl=f2
xOx1
xlx2

c ****new x-values
x2=x

*c *****new value of f cn
10 ievalieval-1

f2=fc(x2)
c $****test for convergerce

af2s=REAL(f2)**2 + AIMAG(f2)**2
C

eC
WRITE(311)ievax2,af2s,isteP'

Ii forrat(lx,i3,2e13.5,.5x,elO.2,lx,i4)
C

14 if(af2s.1t.ftest) go to 100
c ***test for mode of next step

if(istep)20,40, 15
C

15 if(t.1t.tstep') so to 40
C **** first step, or Pr'evious step large, tak:e n~ew step dxl

20 j f Ustart. eqq.1)gso to 25
xmx2+dx 1

so to 5
C



25 istart=
* i Step=0

C

C

40 a2=f2/((x2-xO)*x2Xl)

41t=REAL(af)**2 + tIMAG(af)**2
i f(t.1t.dfesi) o to 40

c

50 baO*/(xOx2)+a*(x+x) +2(x)1

c=aO~xl*X2 +ax2x+a*Ox

d=SRT L(a**2 4+OaIMAc) **

if(2)=(t'-di) (2. *40

bqrlreal x))l(2x) a*x~

xqrarel x (a~2)) +2xOx

d=SxIR()-**-x 0a

t=REA(L)(t.d)/2 . a)MGd)

dxq2re xq 2

t=REAL(d)**2 + AIMG(d)**2

* jf(tl.st.t)s0 to 55
i=2
t=tl

C

55 df=2.*a*xq(i) +b

4. Xxq (i)

d=xq(l)-xq(2)
tl=REAL(d)**2 + AIMAG(d)**2

* jf(tl.gt.tquad)so to 60

WRITE(6,66) xq(3-i)
WRITE(3,66) XQ(3-I)
step=3+i

60 if(t.1t.dxtst1) so to 110

go to 5

66 formTat (ix,'warnirng rnei hborinrs r oot at ', 2c-13.5/)



C *** eval st. irrax - --- ex it
99 key=4

,i xi t=6
*c** convergernce

* 100 cevalfx2
write(6, 112) jeval, x2, i~teF,keY,jiexit
write(3,112) ieval,x2,isteF,key,jexit

112 forrrat(1x,i3,' conversed root=',2el3.5,

ret urnr
c P*** roblemrs

110 ke'v=1
if(isteF.lt.1.).so to 200
c eval1f=x

WRIrE(3,111) IEVAL7 XIISTEP

111 forrrjat(1x,i3,2e-13.5,' del x .1t. dxtstl',i4)
c

120 key=2
so to 200

130 k e 3
so to 200

140 kev=5
go to 200

200 WRITE(6,201)key
WRITE(3,201) KEY
jexitkey+2

*if(key.eR.5) so to 5
go to 100

201 format(lx,' Problemn key=',i3)

COMPLEX function fcn(ev)
4b C IMPLICIT REAL*B(A-H,O-Z)

c

PAtRAMETER(NP =21,

2 neqF' 11
3 nip=i 1,
4 ndip= 1,
5 ntip= 4,
6 ridp=101,
7 rir2pnp-2, nirilpFrip-i, nplpnp+i.,nrp2p=np4-2,
7 reiSRFflnep*flelF,flep=4*fleqp+1,
3 rniaXFneqp$gdp, niap=16*np2p, rialp=7*n,-qscep,

* 4 nidr2p=neqp*np2p,ndm3p=neqsqp*np2p,
5 ridr23F=3*nieqp, ndmr33P=3*neqsqp)

caffifiorn/baksub/aa (nrip2., ndry12p)
cornrno/envc/evs(np2p,neqP),usi (ndrn2F') wa(ridm2p)
comrnion/bdycds/bcl(3,ngeqp),bcr(3,neRP) -
common/matrix/ a(nFp2p,ne~p,neqp),

1 t'b(np2p,ne-qp,rgeqp),
2 c(np2p,ne~p,neip)

corvmrno/tsfr-rn/ ar (riF2p, nectp,nr--) , ai (rp2F , rlq reqp)
1 br (np2p,nreq., ne-qp) , bi (np2p, ne'~F1 eqp~
2 cr(np2p,neqp,rgeRP), ci(np2p,reqpv,eqp),
3 ars(np.2p,neqp,ne'qp),ais(nF.2p,reqpgne'),
4 brf. (r1F-2p, r.c-qp', neep) , tbis (rip2p, reqFp, neqF.)



6 crs (rp2p, neqp, neqp),rcis (riF2F*,rne9P,reqp)
* commonr/spv aIS/ Phi (rraxp) , spvals (rggdp7 nr--al)

cornrnol/rds/ridvXlXriFhvrd(rip),Pltrd(risdp)
*c cormn r/ irts r'-/rieqv rie q, n drri2, ridr3, ridrr23, nicdrr33, max , i t rmrax

COMMON/ESTORE/EVSTORE

* COMPLEX ev,evoldesvs,usiicfixe',aa,al,phi

* COMPLEX a~b,c,det,detnrm
* COMPLEX bcl,t-cr,zrior-fi,EVSTORE

c

c omrrrorn/rnic 1l/rin2 7 rnm17 , n r I~ n P

corrmron/rcl/r(np),rri(rp)
corrgonor/sac]/sa(risap)
cornrmn~r/hiOl/FOl (rp) /PhiO.2/PO2 1(rip)/Fhi03/P03(rip)

* cormon/phill/pll(rip)/Phil2/FA2(rip)/Fphil3/pl3(ip)
commonor/phi2l/F-21 (rp) /Fhi22/p22(rip) /Phi23/p23(rip)

corrimon/piii3/pi3 (rp) /Phii4/pi4 (rp)
commono/phi4/e(rip2p) /Phi5/f (np2F')
ccirnn/bidls/bc~p,bcOpl,clp,bclp,bcl,bcO
commar/errcl/e'rr(rip2p)
c iion~r/serrc 1 /amnxe'r I1- arrixcr2L, ermrax
commnr/durn1l/dl(np2e)/durni2/d2 (np2p)

c

* c commons for splinie integrals
C

c#### ssi(rip-2,j),dsi(rip2,7,j),tsi(rip2,49,k,)
c#### i=riurber of si-rigle integrals

*c#### jriumber of double integrals
c#### k=niumber of triple integrals
C

comwtor/ssicl/ssi (np2p,ngsjp)
comrnon/dsicl/dsi (np2p,7,ridip)
corrgrno/tsicl/tsi(rnp2p,49,ritip)

ec
commo,/ssip/nsi,nsi(rsip),rnsv(2,nsip)
commnnr/ndip/di,rdid(ndip),ndv(4,ndjp)

equivalence (sa, sa3)
dimension sa3(4,4,np2p)

c
cofirfiron/losic./lintal,ldtirm,lrerdr
losical lirital~ldtnr,lre-d

C

dimrenision, Frrtl (4)
data Prntl/' coe' ,'ffrrit','atri','x J/
COMPLEX teMFp

C

conirror/tirre/t
data imrnax/l/

* c
if(.not.lirital) go to 31

c

c
T=GETIME (dun;)

call matrix(ev)

* T=GETIME(dum)-4



W.RITE(3,904) T

del i=1. /del
* del2i~deli*dei

affx er r=. 05
armnx er 4

C

C

Print 100,xl,xr-
WRITE(3, 100) XL,XR

100 forrnat(1x,'values initialized xl=',eI2.5, xr=',el2.5)
C

c --- chose srid.
call grid(r.,1)

C

c------ setup erid for Plots--------------
c

do 50 i=l,rigd
Pltgrd(i)=(i-1.0)/(ngd-1.0)

50 continue
Print 102
WRITE(3, 102)

102 forrnat(lx,'srid chosen')
Prrit 101, (r i) , i=1,rn)

101 f o rma t(Ix ,e15. 7)

c --- set up splinles.-
* call bsplcf

do90 =,
do 950 i=1,4

WRITE(3,910) (sa3(i,j~k) ,k=1,ne2)
950 continue

T=GETIME(dur)-t
Print 901,t
WRITE(3,901) T

C

c --- comp~ute irntegrals.
call opset

c

T=GETIME (dumr) -t
Print 902,t
WRITE(3, 902)

C

c. --- se't up decomp~oser.
call deset(0)

c
WRITE(3, 198)
WRITE(3,199) t'C0,bC0F,bc0p1,tc1F'1tc1F,bc1

19B forrnat(1x,' Spline boundary values')
*.c

T=GETIME(dumT)-t

WRITE(3, 903)

31 continue
Ot tenp- 0. 0.)

c



c ---- initialize eisenvectorsr----- --

d o 92 i =1 ,n d 12
usi~i) =C1,0.)

92 continue

* rprirnt 105

WRITE C3,105)
105 format~lx,'initial eisenivectors')

WRITEC3,104) CUSICI),I=1,NDM2)
94 continue

C
104 format~lx,2e12.5)

c

c ------- initialize error- vector ---------
do 93 i=1~n
err- Ci) =0.

* 93 continue
c

WR ITE (3, 106)
106 format(lx,'err-or- vector-')

WRITECS, 101) (err Ci),i=1,n)

c--------calculate matrix elements ------

iml --

63 continue
C
c
c c----------- store Physical mesh------------
c

do 42 i=1,n
Phvsrd Ci)=r Ci) *del+x 1

42 continue
c

Sc
call matrix~ev)

c
T=GETIME (dum) -t
Print 904,t
WRITEC3,904) T

ec
do 11 i1l,n
do 11 j=1,neq
do 11 1,rgveq
ar Ci, J,k) = REAL (a Ci, J,k))
aiCi, J ,k)=AIMAG (a Ci Jk))

* br~i,j,k)= REAL~b~i,J,k) )
biCi, .1 k)=AIMAGCb Ci, J,kI))

cr~iJ~k)REAL~c Ci,J,k))
ci Ci,J 7k)=AIMAGCc Ci, j k))

c
11 continue

C-
C
c ------- setup matr-ix elements in sp-lines
C

do 22 i.=l,neq
do 21 k=1,neq
call. derse Car (1, i,Ik) ,ar-sCl,i,k))

4t call der-se~aiCl, i,k) ,aisC1 7 i,k))
call dpe(s . 'sCi4

2.



call deF'se(bi (1, i,kI), bis (1, i~k)
call deFse(cr(1 i,k) ,crs(1,i~k))
call de~se(cl (1i 7 k) ,cis(1, i~k))

21 c ont inue
2'2 c ont inue

*do 190 1=~e

do 190 j=1,neq
do 191 i=1,ri
WRITE (3 199) ar (i ,J 4),a± (i J ,k)

1 br(i,j,k),bi(iJ~k),
1cr iJi,k)cj.i iJk)

* 191 continue
c

do 192 iIl,nF-2
WR ITE (3, 199) arsi , J k) 7 ais i J k)

1 trs(i,i,k),bis(i,j,k),

19 continue)ci~iJ~)
* 192 continue

199 format(lx,6e12.5)
c

T=GETIME (dumf) -t
Print 905,t
WRITE(3,905) T

C

if(.not.lintal) so to 81
C

i-f(.not.lrerdr) so to 85
eC
c----- calculate new grid if necessary ---------
C

if(im.se.immax) so to 835
c

do 82 i=1,neR
*call splerr(ars(1,i,i),err)

call srlerr(ais(1, i,i) ,err)
call srlerr(brs(1,i,i),err)
call splerr(bis(1,i,i),err)
C al 1Srlerr(crs(1,i,i),err)
call sr-lerr(cis(1, i, if, err)

82 continue
WRITE(3,6000) (err(mm),mrrgl,n)
isrid=2
if (im.ne.0) isrid=3
call grid(err, isrid)
call rmove(err)
call bsplcf
call deset (O)

* imim-
*WRITE(3,6000) (r(mm),mm1In)

6000 format(lx,10e12.3)
if(amr.lt.immax) so to 83

c:-------- end of knot adjustment-------------

C

85 continue
c
c ----- calculate integrals ----------

C call sfeval

* c



T=GETIME (duni) -A
Print 906,t
WRITE(3, 906) T

c
c
c SEtUP S~lirie values for- reconstruction0

do 41 .=1,rP2
call spvl(j,pltsrd(1),sF-vals(l,J),nisd)

41 continue
C

lirtal=. false.

C

c----------------------------------------------------
C

do 297 k=1,rgeq
do 27 j=l,nect
do 27 i=l,np2
a Ci, j, k) =DCMPLX Cars ( i , jk) ,a is Ci, j, ) )
t Ci,j, k ) =DCMPLX Cbrs Ci ,j,k1) ,bisCi , j, f) )
c i , j , t)=DCMFPLX (c rs Ci, k:) c is ( i ,j,P)

27 continue

call setbc(ev)

C

0c zero coefficient matrix before each iter-ation
c

do 70 i1l,idrn2
do 70 j=I,rndm2
aa(i,J) = (0.,O.)

70 continue
0,6 c

c
do 23 k~l,np2

c nii~x0I-,1
imaxnixO (k-3,np1)

h.. do 26 iimfin,iffsax
* ili-k+4

Jmiri=max(1,k-3)
* jmax=min0(np2,k+3)
* do 20 1=1,neR
* do 20 mrlni

do 24 j=.n,jmrax
j.' j-k44
i2-i1+7* C.. -1)%



irndr. = (k'-1)*neq A
aa(irndr,irdc) =aa( iridr, irdc)

*1. - d El2i a(J m~)* (t s (1k, i.2, 1)+ t si 3. 2,.2)
2 +~d e1itbti I, m) t tsi (k , i 2,3)

+ c(J1m) t s ik,ij.2, 4

24 continue
20 continueI
26 continue

c

c setup boundary conditions

£ if (1k . ne. 1.arid.k1 *ne. rep2) go to 71
if (k .rne.1) so to 72
call t'c (i)
so to 71

72 continue
call bc (2)

* 71 continue
* 23 continue

*if(.rot. ldtnrmr) call setnrmf

if(ldtrsrm) so to 970
C call Prnt(prntl,aa,2*nidmr2,ndm2,1,2*ndm2,1,n6mi2)

970 continue
C

call rriatnirmi

call leqtlc(aa-,ndrr2,ndm2,egvs,1,ndmf2,1,waicsetiier)

* if(ldtrnrm) so to 980
C call Prrst(Frntl,aa,2*ndrr2,nd2,1,2*ndm2,1,ndm2)

980 continue
* c

* temp =det

c

* c normalization of determinant
C

if (.not. ldtrirm) so to 90
terrp=temF/detnrm
go to 91

*90 continue
detnrm=temP
ldtnrm=.tr-ue.

91 continue
nevss=2

~ FL print 700, eV,tempS
WRITE3,700) EYITEMP

700 format(1x'ev suess=',2(e15.8,2x),'det=',2(e15.8,2,-x))
t ntemp

900 fomtl,'call to asri d Complete ',le12.5)
L. 901 formfat(lx,' call to bsplcf complete ',1pe12.5)

- 902 format(1x, ' call t o opset c omri.et e ',1pe12.5)
903 format(1x,' call to deset complete ',ipe12.5)

K 904 format(1x,' call to matrix Comp-lete ',1Pe12.5)
905 format(lx,' call to 6cr-se complete ',1Pe12.5)

K 906 format(lx,' call. to steval Complete ',I1re12.5)
r 910 f orma tIx, 13e10, 2)

return
K end



subroutine rnatrirrn

C IMPLICIT REAL*8(A-H,O-Z)

PARAMETER(NP = 21,j

*2 netp= 1~

4 ndip= 1~
5 riti P= 4,
6 r~dP=101 ,
7 rirr2p=rip-2, rim 1F=rip- 1, riF IF'=rip4-, iP.2F=rp+2,
7 rneqSqFrieqF*rneq, rieF=4*rjeqF+1, *
3 rniaxprnesp*rsdF',nrsaF=16*riP2F, rialF'=7*ie-qsqip,
4 ndrn2p=ne'qF*nF-2F, ridr3Fne'qSlqF*fF2F,
5 ndff123P=3*ne'qp, fldf33F=*rie'tqFP)

c
C

c orriron/basub/aa (rndr2p,nrdrn2p)
comnron/egrvcs/esvs(rIF2F,rieqF),usi(ndn2),wa(ndm2F)
comrrirori/bdycds/bcl1(3,nreRF) btr (3,nreqp)
cornrnor/rratrix/ a (rF2F, eqp, neRF)7

I b(niF2p,rieqp,rieqp),
2 c (rtF, ge-qF, rieqF)
comnii/trnsfrgi/ ar (rF2F,nre'qp,nreqp) , ai (rp2F,nre9P, oneqp)'l

1 br (np2p, neqp,nreqp) ,bi (,F2p,nreqF, reqF)
c r (rg2p,nreqF, neqp) , c i (rp2Fp,nreqp, regp)v

4 ars (iF2F, rieqp, riect) ,atis (raF2P, neqFs neqRP)v

6 crs(rFp2p,rneqp,reqFp),cis(nF2pvneqprgeqp)
comron/spvals/-Phi (rraxp) , Fval (risdp, np2p) -

* carnrno/rids/rgd,x,xr,physrd(rip),Pltsr-d(nsdp)
cormon iter/nRi',reqsc, ndrn2,idrn3, ndrnt23,ridrn33, max, itr-max

COMPLEX ev,e'voldvesvs,u!ji,cmrxevaa,al,phi
COMPLEX a~b,c,det,detr
COMPLEX bci.,bcr,znorri

c

* do 10 .1l,idrn2
do 10 j=1,idmy2

*0 10 continue

re'turni

*entry se trm
areorm = AS(a a(5, 5))
PRINT 9000
:WRITE (3,9000)

9000 FORMAT(1X,'ENTER NORMALIZATION FACTOR -SETNRM')

REAE'(5, *) FACNORM
WRITE(6,*) FACNORM
WRITE(3,*) FACNORM

4 ANORM=ANORM*FACNORM
argori=. /ariorr
return
end
subroutin~e rratrix(ev)

C IMPLICIT REAL*8(A-H,O-Z)

PARAMETER(NP = 21,
2 neqF* I



3 ris iFP= 1,
4 ri 1,=

5 nriti P= 4,
6 rsdP=101~
7 nr1rr2=ni-2, rirril F=riF-1l , ri11=r1F+1 , iF2FrFn+2,

* 7 risRF-=rieRF*reRF, ie'F4*niFp+l,
3 mraxp=rie'RF*rigc, nsap=16*rip2F, ria1F=7*riectscF,
4 idrn2F=reqp*rip-2F, ridm3Fprie~sqp*rip2F,
5 ridmrn23P=3trceq,rir33P=3*rieqSqp)

C
c
* DIMENSION BTH(NF'2F') PRESS(NFP2F) RHO(NP2F'),

* XNU(NP2P),VA(N'2P) ICS(NP2P),AAAA(NF2P),CCCC(NP2P),
* ALPHA (NP'2P) ,QO (NF'2P) ,APLPHP (NP2P),
* ALPHR (NP2P) , LPHI (NP2 P) , LPHRS(NP2P) , LPHIS (NF2P),
* ALPHRP (NP2P) ,ALPH IPF(NP2P)
DIMENSION FFF(NP2P),FFR(NP2F),FFI(NF'2P') FFRS(NP2FP) FFIS(NP2FP),

* FFRP(NP2P) ,FFIP(NP2P) 7FFP(NP2P)
DIMENSION GGG(NP2P) 7GGSPL (NP2P) ,GGP (NP2P)
commron/baksub/aa(icjr2p,rid2p)
carnrnrn/ esrvc s/esgvs (rip2p, neqpF) US ui (ridr2p) ,wa (nidrr12p)
cornrior/bdycds/bc 1(3,nre9F) ,bcr (3,nreqF)
corrirno/ratrix/ a(rip-2p,rctp-)reptp),

1 b (ri-2p,nreqp,nreqp),
2 c(rip2p,riecp,ip)
commrori/trisfrrnf/ ar (rip2F,nre'qp,nreqF) v ai (np2Fp, reqp7 rnecp)7

1 br (ri2p,nre'qp,nre'F) , bi (r;p2P,neqp, reqp),
2 cr (rip2F,reqp*,nri) , Ci (nFp2P, reqF, reqF')
3 ars(rip2p, rieq-, rie-qp) ,ais (iF2p 1 neqp, rieqp)v
4 t'rs(rip2F, neRF., fl'F) , bis (rp2p, rie'qF, reRF)

* 6 crs(rnp2p,rneqFp,neqFp),cis(np2pvrgeqp,neqp)
corirono/svals/Fhi (riaX') , spvals (ridp,nrp2p)
cornrnorn/srids/risd, xl, xr, Phsrd (rip), Fitsrd (nsdp)
corffimo n/ irt ser /n ect, n eq s q vn dn2n d3, n dm23,rnidmr33,rma x i trnma x

C
COMPLEX ev,evold~esvs,usi,crnxe,aa,al,phi

to COMPLEX a,b~c,det,detr-r,deva1
COMPLEX bcl,bcr,znorr
COMPLEX AACCC,AAAACCCC, FFF,ALPHA, 00, FFP, ALFPHP

c
C
c

c ommon/nic /I nm2,i 1ni1 rP . n P 2
c on/rc 1/r(rip) ,rri (nP)
c offiffior/s ac/s a (n sa P)
coriron/phiOl/pOl (rp) /PhiO2/PO2(rip)/PhiO3/PO3(rip)
corrirno/phi 11/pI I (riP) /phi 12/P12 (rn) /phi 13/P3'(ri)
cormnir/phi2l/Fp21 (r,) /Phi22/p22(rip) /Phi23/F23(riFp)

* commnn/phiil/pil(ip)/F-hii2/Fpi2(ip)
comrno/phii3/pi3(rip)/Phii4/pi4(ip)
cornwuion/hi4/e(rip2)/Phi5/f(ap2p)
cornrnor/brdvls/bcOp, bcOp , bc 1 , bc ip, bc 1,tbrO
commonor/errc1/err (rp2Fp)
comrrior/serrclI/arrixer 1, amrxer2,erm~ax

* comrnon/durnl/dl(rip2p)/dun2/d2(ap2Fp)
coffnrori/coefl/ie'val,rieval

c
c commons for spline initesrals
c
c#### ssi (rip2, i) , dsi (rp2, 7,j ) tsi (rF-2, 49, k)
c#### iriunber- of sirgle irgtegrals
c#### jriumber of d~ouble~ intesruals
c#### k-nurriber- of tr-iple' iritec'9rals



conrriori/dsic 1/s i ( r--2F, , i P

comffor/tsicl/tsi(rip 2P, 49, rit 3. P

*cortimon/rsipiF/ris i, risJ (riP~ ) , nrs v (2I, sP

* corrgron/rdsF/rdi,rdJ (rdj) , dv (4,iF')
c omrrror/rtsi /nt i, ntJ (it iF) , ntv (6, iFl)

* equivalence (sa,sa3)
dimrenision~ sa3(4,4,niF2F')

* losical liriti
* dimnension, it'cl(neqp),icr(neqp)

COMPLEX evsues~ca
data 3. rt 1l. true./

*data xl,xr/Q.,1./
DATA GAMMA/1.66667/, ITRMAX/l/
data ibcl,ibcr-/reqp*l,neqp*l/
DATA AWALL/1./,XMO/1..256637E-6/

* c
COMPLEX q,qF,argsq,qsqrt

C

c the choices of boundary conditions are:
c = 0 derivative = 0
c itcl,ibcr = 1 function = 0

*c = 2 w. k. b.
c

* if (liriti) go 'to I
* ****CALCULATION OF COEFFICIENTS

PHYGRD (1) =1.E-5
VA (1)=VA (2)*PHYGRD (1)/PHYORD (2)
DO 210 I=1,N
RR=PHYGRD (I)
CS2=CS( I) *2

* VA2=VA(I)**2
AAA=VA2* (XM/RR) **2-EV

* CCC=CS2*AAA-EV*VA2
AAAA(I)=AAA

* CCCC(I)=CCC
*C***$LAMBDAII/LAMBDA12 CALCULAT1ON

FFF(I)=-RHO(I)/RR*(CCC+2.*EV*CS2)*AAA
* ./(EV*EV+CCC*(XK*'*XK+(XM/RR)**2))

C*****(P*)'/R CALCULATION
* GGG(I)=RHO(I)*VA2/RR**2
C*****CALCULATION OF ALPHA

ALPHA (I) =RHO (I) *RR*AAA*CCC/ (EV*EV
61. +CCC*(XIC*XK+(XM/RR)**2))r~210 CONTINUE
F. DO 215 I=1,N
V FFR (I) =REAL (FFF (I))

FF1 (I)=AIMAO(FFF(I))
ALPHR (I) =REAL (ALPHA( I))
ALPHI(I)=AIMAG(ALPHA(I))

215 CONTINUE
~'C*****

CALL DEPSE(FFR(1),FFRS(l))
CALL REPSP(FFRS(),FFRP(1))
CALL DEPSE(FFI(1),FFIS(1))
CALL REPSP(FFIS(l),FFIP(1))

CALL D=EPSE (GGG( fl ,GGSPL (1))



CALL REPSF'(GOPL(1) ,GGP(1))

CALL LIEFSE (ALFHR (1),ALFHRS (1))
CALL REFSF (ALFHRS (1) ,ALPHRP (1))
CALL DEPESE(ALPHI(1),ALF'HIS(1)) 1

* CALL REPSP(ALF'HIS(l),ALPHIP(1))

DO '255 T=17 N
FFF' (I)=CMPLX (FFRF'(I) FFIP (I)) *DELI
GGP(I) =GGP (I)*DELI

255 ALPHP(I) =CMPLX (ALPHRP(I) ,ALPHIF'(I) )*DELI

DO 2120 I=LN
RR=PHYORD (I)
CS2=CS (I) **2
VA2=VA (I) **2
AAA=AAAA(I)
CCC=CCCC(I)
00(I) =RR* (FFF(1 *2'. /RR* (1.+EV'*CS2/CCC)

* +RR*GGP (I) +RHO (I) *(4. *VA2* (1.
* +EY*CS2 /CCC/RR**2-AAA)+FFFUI))

220 CONTINUE

do 2 x~r
X F.Isrd(i)
a(i,1,1) =ALPHA(I)
b(i,1,1) = ALPHP(I)
c (i, Li) CI 0(I)

2 continue
return

c

entry setbc (ev)

do 90 i1l,neq
C

* ibrrich =ibcl(i) + 1
C

go to (10,20,30) ibrnch
10 conitin~ue

bcl(1,i) =(0.10.)

bcl(2,i) =(1.10.)

ti 1cl(3, 1) =(0.10.)

go to 90
20 c o iti nu e

bcl(1,i) =(1.,0.)

bcl(2,i) =(0.,0.)

bcl(3,i) =(0.10.)

(S so to 90
30 continue

= c(l~i,i)*bc0
=p (c (1,i,i) *tc0p+c (2 ,3.,1) *tscOpl)*dE-i 1

arsq = at
if(REAL(arg't).le.O..ard.AIMAG(argsq).st.0.) arsg=con~is(arsq)

qqt= SORT(arsi) -
if(REAL(q).lt.0..arnd.AIMAG(q).eq.0.) qsqrt =-qsqr-t

bc1(l, i) --. 25*qtp/t+ (0., 1. ) *Rqrt
bcl(2,i) = rDCMPLX(1.,0.)
bcl(3,i) =(0.10.)

C

90 continue
C

do 92 .I2,rneq



itb'rnc h i t cr i) + 1.
c

so to ( 12 2 232) j. b rnc
12 continue

*b bcr (1 , i) =(0.10.)

t.c r(2, i) I (.10. )
tic r(3, i) =(0. 10. )
so to 92

22 c o ntin u e
bcr(1 ,i)1 .(10. )
b bcr(2, i) (0.,10. )
bc r(3, i) (0. 10. )

* so to 92
* 32 continue

R c(niF27 i,i)*ticI
* = (c(nF2ii)*bc1F+c(rgF1,i,i)*bclF1I)*deli

arqq =

if(REAL(arsq).1e.0..and.AIMAG(arsq).st.0.) arsgq=conJ.i(arqq)
Rs Rrt = SQRT(arsq)
if(REAL(9t).1t.0..and..AIMAG(q).eq.0.) qsqr-t =-cR~qrt
bc r(1 =-.25*Rp/q-(0.,l.)*ctsRrt
ticr (2, i) = DCMPLX(l.,O.)
ic r (3, i) = (0.70.)

- 92 c ont inu e%
r ret ur n

1 cornt inue
* WRITE(6, 1000)

WRITE (3, 1000)
B read(5,*) evsues,deval~neval,xk,xm,arrrria, ibcl, itcr,xl,xr,

*~ . t ria x
write(3,*) evsues,deval,neval,x,xi,sarrira,itbcl,ijtcr,xl,xr,

* itrrnax

ev = evsues
REWIND 30
READ(30) AWALL,EBrH,RHO,PRESS,VA,CS

* C*****NORMALIZATION
VAV(N)

RHON=RHO(1)
-. WRITE(6,1001)

WRITE (3, 1001)
DO 800 I=1,N

* VfA(I)=VA(I)/VAA

- RHO(I)=RHO(I)/RHON
t. WRITE(6,1002)I;YA(l),CS(I):RHO(I)

800 CONTINUE

deli = 1./(xr--x.)
lint 1=. false.

I 1000 format(lx,''nter niarelist data'/
*3X,'EVGUES,DEVAL,NEVAL,XK,XM,GAMMAhIBCL,IBCR,XL,XR,',

* $ 'itrrnax'/
*3X, 'EVGUES=(OMEGA*AWALL/YA)**2,XV:==K*AWALL')

K1001 FORMAT(3X,'NORMALIZED EQUILIBRIUM PARAMETERS'/
* X, 'I' ,lOX,'VA(I) ',lOX, 'CS(I) D,9X, 'RHO9(I))

I.1002 FORMAT(3X,I5,3El5.5)
K ret urnr

end



subrout i ne nirnf c n~
C IMPLICIT REAL*B(A-H,O-Z)

c-------- eisenifurictions niormral ized such that the value of the
c central eigenifunctiori is (1.,Q.) at x=O.

c0
c

PARAMETER(NFP = 21,
2 rneqp= 1I
3 risiF= 171
4 ndip= 1 7

*5 rit i = 4,
6 riedp=1O1,
7 ri2p=riF-2,rinlprnp-1 , niF 1=rp+1 ,F2p=riF+2,
7 rie'~sqpneq*neqp, ne=4*rie'F+1,
3 rnaxprneqF*rsdF,rlsqap=:16*rnp2-, rialp=7*rieqSctF,
4 nidff2=neqp*niF2p,ndr,3prne'qsqp*naP2F',
5 ridm23F='3*eqp, ridrni33P=3*rieqSqp)

comrni/baksutb/aa(ndffn2F,rdm2p)
c orrrori/e'srvc 5/esvs (rp2p, nie'p);,us i(nidm2F),wa (ndmf2p)
cornrnorn/dycds/bcl (3, niecp)bcr (3 ,neqFp)
comrono/matrix/ a(rgp2p,neqp,neqp.),

1 *b(rip2prineqp,rgeRP),
2 c (rp2,:,neqF neqF)
commor/trisf rrr/ ar (rniF,,ne P rieRP), ai (rip2P, VIqf:, reqp) 7

1 sr (rip2F riecF, nip) , b i (inP:2F ncqp, neqF)7
2~~~ ccr- (F2p,ricp eF),c -P7nectF,rleq P

3, -an (rnp2P~neqF,vneRP),ais(np2Fvneqpvneq*),
* 4 brs (;p2F,nreRF, niep) , bis (rp2F,nre'qp nieqp)

6 crs(np2pvneqFvneqF),cis(nF-2P~reqp,neqFp)
coumnr/spvals/phi(ffaxp),SFpvals(rngdp,np2p)
common/rids/isc, xl, xr,phvsr-d (ri), Pltgr-d(nsdp)
commor/irtser/eqrnecqsrdn2ridmr3,ndm23,nidm33,nax,itrmrax
c ofrnori/norfri/z norm

Sc
COMPLEX ev, evold, egvs,usivcrnixe,aa,al, phi
COMPLEX a,b,c,det~detnrmf
COMPLEX t'cl,bcrvziorri

comnon/nicl/nm2,imlg1ni,ngF',np2
comrmori/rcl1/r(rip) ,rn (rip)
cornmor/sac1I,/sa (risap)
commoni/Fh3 Ol/FOl(nF) /rhi O2/PO2(n') /FhiO3/F'03(riF)
cofrnmoi/hill/p1(n)/Fhil2/Fp12(rip)/Phil3/F13(np)
cammori/Fi2l/p2l(rip)/Fhi22/F22(np)/Phji23/F-23(rip)
commfori/phiil/pil(nip)/Phii2/F-i2(nF)

corrfron/hi4/e (nFp2p) /Phi5/f (rp2F')
common/bndvlS/bCOF,bcOpl,tclpl,bcl,tci.,tc
c o mrmo n/ er rc 1/ er-r. (rniF2 F'
commori/ser-rcl1/amrxerl ,arnxe'r2, errnax
commorn/dum1/d1 (nF2p)/durn2/d2(np2p)

C
c commons for spline integrals
C

*c#### i=number of single integrals
c#### Jinumber- of double integrals
c*### k-numbpr- of tr-iFpip irotegrals



c offiori/Ec/si (rIP2r,risip)
corrirno/dsicl/dsi (rIF2P, 7, ridiFP)

c orrnmn/ rids iFP/rd i , ridj (rid iFr) , ridv (4, rid i P)

c-quivalerce (sa, sa3)
dimrension sa3(4,4,niF-)

C

do 60 iter=1,itrrmax

*call leqt~c (aa,n~dr12, rim2,usi,1.,rndr12,2,wa, det, ier)

do 50 i=l,rne
* do 50 j=l,rip2

e'9vs(J,i) =usi(ig(j-i)*ieq)
50 continue

C

c - -------diasrlostiC Print --

* do 40 i1l,ie
do 40 j1l,iF2
WRITE(3,100) e'~vs(j,i)

40 continue
* 60 continue

* C
c

100 format(lx,2e12.5)
101 format(lx,13e10.2)

c
ac
c C-------setup e'gerfurnctions ----
c

2 continue
do 32 i=1,max

32 continue
do 22 k~l,ie-

* do 22 i1l,rid
iridex(k-l)$nsd+i
do 22 j1l,np2
Phii(inde'x)=Phii(inde'x)+e'svs (J ,kI) spvals (i,J)

_ 22 continue
* c
c normalize eisenfunctioris

* c
* znorm=phi(l)

do 24 i=2,max
if(ABS(Fhi(i)).9t.ABS(znorm)) znormnphi(i)

24 continue
IF(ABS(ZNDRM).LT.1.E-A'0) ZNORM=(1.,0.)
:rormcmFlX (ab-s(zrori) , 0.)

Sretur-n
end

c
c ----------------------------------



subroutin~e oFset

* C IMFPLICIT REAL*B(A-H,O-Z)j

* PARAMETER(NP = 21,
-2 rieqp= 1~

3 ls1p= 1I
-4 ridip= I~
-,5 ritiF 4,
*6 nsdp=101,

7 rirr2F=rip-2, rirfIF=niP-1 riFlF=rip+l, rip2prnp+2,
7 rieqSqprieqF*riegp,nreF4*neqF+l,
3 rniaxF=reRF*risdp,risap=16*rgp2F-,ralp=7*nc'qSqp,

*4 ndff2F-=rieqp*nip2p, rdm3pneiqsip *rp2p,
*5 ndff23P=3*neqF, ridrn33P=3*rieqsqp)

ec
*commorrio/ric ./nm2 rffl n7riP1 )riP2
* commor/rcl/r'(rp),rn-(np)
* commori/sacl/sa(nsap)
* comfmor/pil/POl (rip) /Phi02/P02(rip) /phiQ3/P03(np)

corion/hill/ell (rp) /Fhil2/pl2(re) /ehil3/e13(ip)
comrron/phi2l/p2(rp)/phii22/p22(rip)/Phi23/p23(rip)

* commfon/phi i /Fpi 1(ne) /Fhi i2/pi2 (ne)
corrmoni/ehi i3/Fpi3 (rip) /phi i4/pi4 (rip)

* commoi/pi4/e(rF2p/ehi5/f(rip2p)
* commnr/bridvls/bc~e bCOFi btc IFi , bc f, bc 1~ bc0

- c orrmon/errc 1/err (ri2F)
commona/serrcl/amxerl,amxer2,ermax

* commoni/durnil/dl(rae-2p)/dum2/d2(ne2p.)
c

- c commons for splirne initegrals
* c

c#### ssi(nie2,i),dsi(ri2,7 7,j),tsi(nie2,49,k)
- c#### inumber of sinsle intesrals
**c#### j=number. of double initesrals.
c#### k=nuiumber of triPle integrals.

* cornmor/ssicl/ssi(np2p,ns'ip)
commfoni/dsicl/dsi (nip2p,7,nidip)
cofim~o/tsicl/tsi (rip2p, 49,nrtip)

* commori/nssip/nsi,risj(risiFp),nsv(2,nsip)
* ~comrfior/ndsip/ndi ,nd.'(idi') ,nrdv (4,nrdip)
* ~comrrioi/ntsip/rti,rtit(ntip),nitv(6,ritip)

e'quivalenice (sa~sa3)
4, dimension sa3(4,4,nFe2p)

C

data ni/nsip*0/
data ni/rdiFe*0/
data ritj /ritip*0/
data nsv/0,0/
data rdv/1,0,1,0/
data rntv/0,0,1,0,1,O,

2 1,0,1,0,010,
3 0,0,1,0,0,0,
4 01010101010/
return
end
suor-out iri- I t f cn



* C IMPLICIT REAL*B(A-HO-Z)
C

FARAMETER(NP = 21,
2 n eqtF'=
3 n s iF= 1
4 nrd iF= 1
5 ritip= 4,
6 risdp=101,
7 in2p=rip-2, rilFp=rF-l ,rp lpriF-I-1, riF2p-rp+2, j

* 7 rieqsqp*=reqp*rieqF,nreF=4*ni~qF.+l,
3 fnaxF=neqF*rsdp,nrsap=16*rgp2Fp,nralp=7*rie-qEqF,

* 4 rndrn2F=reqp*;F2F, ndrn3p=riqs4F'rnp.2p,
5 rndm23P=3*rseqp,rndr33P=3*rieqSqF')

commnrnr/baksub/aa (id2p, ndn2p)
cornrnor/esrnvcs/egvs (rp2F, reqF) ,USi (idrn2F),wa (rdm2F)

* ~corrimrno/bdcds/bcl (3,nfecqF) ,cr (3,nreqp)
commron/mnatr~ix/ a(nFp2p,neqF',ge'qp),

1 b(rnp2p,ne'qp,neqFp),
2 c (ip 2Fp, neqF-, rie-q)

comfriaf/trisfrmr/ ar (rF2p,nreqp,nre-qp) , ai (ri2p,nreqF,nreqp),
1 br (np2p,nreqp, ne~R), bi (rp2p,neRpieqF ip),

2 cr(rip2p,rseqp,rneqp)7 ci(rip2p,rieqp,ge'qp)i
3 ars (r,2F,neqp,nreRP),a is (rp2p, neqp,nreqF*),
4 brs (rp2p,nreqp,nreqp) ,bis (rF2p, newp,nreqp),
6 crs-(riF2F,reqtp,rlp),Cis(2p7E'qpvnreqpF)
cornrio/spvals/phi (maxp) ,spvals (risdp,nrp2p)
cornrno/srids/rngd, xl, xr~ whvsrd(rip), Fltsrd (rsdp)
commnr/irtserfrieq,nes,di2,d3,adn2,rdrn33,rnax,itrnax

0 cormnn/rorrn/zrior

* COMPLEX e'v, evold, esvs, usi,crnxe,aa,al, Fhi
COMPLEX a,b,c,de't,detr
COMPLEX bcl,bcr,ziorn

c
Sc

dimension f(nisdp),Pltr(nisdp),Plti(nsdp)
* c

c ornrro ni/nc 1 /nm2, nimi I ni n P 1, n 2

COMPLEX temp(rip2p,nem'Fp,niecp)

c REWIND 15
do 2 i1l,nsd

2 Fwltsrd(i)=(xr.-xl) $wltsrd(i)4-xl
* do 100 m=1,4
* DO 3 I=1,NGD
f3 PHI (I)=(0. 0.)

so to(10,20,30,40)rn
10 continue

do 11 i=l,ne
do 11 ji1,neq
do 11 I:1,riw2
temi'(k,Jii) =a(k,j,i)

11 continue
so to 50

20 continue
do 21 i=1,neq
do 21 Jmj,rgeq
do 21 k=1,riw2
temp(l.,.i, j) = (1, ij

21.. --.-.... continue;.* .. ** ~ . **.



so to 50
30 continue

do 31 j=l,rieR

do 31 k=1,neq

tempit., 7 J,i) =c(k,j,i)

a 31 continue
s0 to 50

40 c o ntin u e
do 41 j1l,nei
do 41 i.=1,r,2
temp (k, 1 j) e= evs (k i z) n nor m

41 continue
* 50 continue
c

do 60 i=1,rteq
c

do 61 iJ,ng'q
do 62 Ik=l,nigd

* do 62 l=1,np2
Phi(k) =phi (I)+temp(l,i,j)$5pvals(k,,l)

62 continue
c

do 64 mmr'rnaid
Pltr(mn) = REAL(phi(nr))

sk It i(mmn) = AIMAG(Phi (mm))
64 continue

C
call extrmfa (Fltr,Plti, nid,vmini,vmax)

VstF .2*(Yrax-ymifl)
* WRITE(90) NGD,PLTORD,PLTR,FLTI7 YMlN,YMAX
C call title('erogram esvlet$',-100,'domain',6,
C 2 'amplitude'',9,9.,6.)
C call sraf (pltsr-d(1), xstp, pltsr-d(na~d) , min, Y5tF-, vrnaX)
C call curve(Fpltsgnd,Fltr, nid,0)
C call curv&(Fltsrd,F-lti, nsd,0)

0 C call frame -
C

do 68 nir~i,nisd
68 Phi (nfl) = (0.,0. )

c
61 con~tinue

* if(rr.e'q.4) goto 101
60 continue
100 continue



101 continue
r- et u r- n

s4.troutirte extrrra(t17t2,ri,xl,x2)
C IMPLICIT REuAL*B(A-H,O-Z)
* dimrenision; tl(i),t2(l)

xl1t 1 (1)
X2=t 1)1
do 1 i1l,n

if (xl.st. t2 (i)) x1=t2 (i)
* if(x2.lt.tl(i)) x2=t1(i)

if (x2. lt.t2(i)) x2=t2(i)
1 c ort in u e

retu rnr
enrd
Frosram sysode

*C IMPLICIT REAL*8(A-H,O-Z)
C

c
PARAMETER(NP =21,

2 neqp= 1~
3 risip= 1,
4 ridip= 1,
5 ritip= 4,
6 rngdp=10I,
7 rir2F=niF-2, nimlF=niF-1 ripI 1F=riF'+1, rip2p=rnp+2,
7 neqsqprneqp*neqp, nep=4*rieqF+l,
3 rnoaxprieqp*nsgdp, n;ap=16*ne2F*, niap=7Ncne~sqp,
4 ndn2F=neqp*rp2p,ndrni3p=neqsqp~cnp2p,
5 rndr23p=3*neqF,nidn33,p=3*nieqsq;p)

C

cornrnr/losicl/lirital, ldtr-r, lrerdr
logical lirgtal,ldtrm,lr-erdr

C

cornmon/aksut'/aa(idn2p,rdn2e)
cornmon/egnvcs/egvs(np2ptneqp),usi(ndm2p),wa(ndm2p)
commnn/bdycds/bcl(3,neqFp),bcr(3,riegp)
commo/matrix/ a(nge2p,rneqe,neRP),

1 b (np2F', nieRP , rieq'
2 c(niF2F,neqp,neRP~)

common/trisfrrr;/ ar(rnp2p,neqp,nieqp), ai(rip2p,rneqp'neqp),
1 br ('ri2p, nisqpneqF) , bi (np2F',rieqp,fe'qF),
2 cr(rip2p,neqp,neqp), ci(rip2p,negpvneqpLv
3 ars(iF.2p,iep,neqFp),ai(nF*2p,rieqp~ne'F),
4 tbrs(np2p,rge~p,neqp)7bis(np2p,ipineqp),
6 cr's(np2Fp,neqp,reRP),cis(np2F,neRF,neAP)
cofion/pval/phi (raxw) , pval (risd', rirp2p)
comrono/rids/nd,xl,xr,phygrd(rip),Pltsrd(igdp)
commron/initser/nieq, neqsq, ndr2,nrdrn3, ndrn23, ndrn33,max, itrrmax

c
COMPLEX ev,evold,esvsvusi,cffixe,aa,a1,Fphi,ELF
COMPLEX a,b,c,det,detnirm,deval
COMPLEX bcl,bcr,ziorr

C

C

corir/ilnn2rmc;np~p
corrmor/cl/r (rip), ri,np,)p
commonrcl/sr(nisaF~)

* comrnion/FhiO/e(n.)/hiO2/P2(ntp)/Phi03/P03(rip)

cooIrn/Fhi21 /F21 (nF') /Fphj22/-22 (n- '/hi.23/F-23 (rip)



* corrirono/Fi ii/Fil1 (rip )/phi i2/pi2 (np)
coMmoIn/Phi i3/Pi3 (rIP) /F hi i4/p- i4 (rip)

* Cornin/hi4/e (rip2p) /Fhi5/f (n-2P)
* cornmor/bnidv I /bc~p, tICOP I, bc iPI , tic I p, tic I., bcO

corrinr/errc /err(rgp2p)
*c orrimor/serrc 1/ a rrxer 1~ a rrixer2, errriax

corimon/durrl/dl (nP2P)/dum2/d2 (rP2P)
* comrnori/coefl/deval,ngeval

C
* c common~s for- spline iitesrals

C### SSi(nIF2, i)dsi (rip2,7,j),tsi (nF2,49, k)

* c### iriumber. of sinsle irtesrals
c#### .i=nurrber of double intesrals
c#### k=niunber. of triple integrals
c

comrnmon/ssicl/ssi(rip2p,risip)
* common/dsicl/dsi(np2p,7,ndip)

cogimor/tsicl/tsi(np2e,49,ritip)
c

-commfon/issip/risi ,nri(risip) ,nsv (2,nrsip)
comfmon/rids ip/rdi,rdi(ndip),ndv(4,ndiFp)

COMMON/ESTORE/EVSTORE
c

equivalence (sa,sa3)
dimension~ sa3(4,4,nP2P')

*1
Id

C
data nff2,nmwl,n,nepl~rnp2/nff,2p,nm~rlp,nip,r'F1,np2p/

* data nsi,nrdi, nti/risip, ndip, ntip/
data neq,nigd,neqSq,rgeimaxinsa/rneqpigsdpineqsqp~rnepimaXFpvnsap/

* ~data nal,ndm2,idm3,idr23,ndrn33/nalpindm2p,rdm3p,ndrg23p,ridr33p/
c

* data lirtal,ldtnrr,lrerdr/.true.,.false.,.false./
C

ec
* COMPLEX fstdet,fcni,EVSTORE

C
* external fcn

* C
* C call lirk('urit3(output,cr-eate,text),Priit3,urijt59=ttv//')

C CALL TEI'ALL(40141 120,O,O,0)
* C CALL BGNPL(O)

C
Prin 100

WRITE (3, 100)

~. 100 format(lx,'fir-st call to fcr, initiated')
* fstdetfci(ev)

EV=EVSTORE
P'rint 101

* WRITE(3, 101)
101 format(lxv'fir-st call to fcn complete')

.v C
if(nieval.ne.0) sota 200
Print 102
WRITE (3, 102)

102 format(lx,'call to cevaif initiated')
ELF= cevalf(ev,fci)
Print 103
WRITE(3, 103)

103 ~ ~ f o -m t l x.c l t o ie f c o m pl et i.e')



* w--. . . ..- . . . . . . . . - - . . . . . . . ...- -. j -

C
C

call rirrrfcr
C

call Fltfcr

soto 300
200 continue

C call erd'l(O)
C call donepl

rewind 90
write(90) rieva 1
do 10 nn=1,rieval
det=fcn (ev)
write(90) ev,det
CALL NRMFCN
call Plt.fcr-
ev=ev+deval

* 10 continue
endfile 90

300 continue
stop 999
end
subroutine sprnt (arin, irout, imax)

C IMPLICIT REAL*8(A-HO-Z)

C iriut 
c arin: besinnins location of- floatirs Point numbers to Process
C irout: besinrirr location to store compact bcd representation-

* c of floatins Point number-s
imax: total no. of successive floatins Point num.bers to Process

C Purpose
c to convert r,=imax successive floating Point numbers into a compact
c bcd representatiorn in the e-format and store them in n successive

* c temporary locations besinnins at irout which are later to be
c output in r6 format.
c for example the floatins Point number -1.7465e+25 is Printed
c as -175+q where the decimal Point is assumed between the minus -"

c sisn and the disit 1. the 2 disit exponent is converted to a sinsle
c character by a table lookup on (0,1....,9,avb .... z)=(0,1,2,...35)

c if an i. or- r'. or- *. is returned by subroutine etype, it is Printed

c if the exponent is sreater thar, +35 or. less than -35 a * is
c Printed

c.........................................................................
REAL*16 aout

dimension arir,(2), irout(2), iex(73)

data iex/4H -*,4H -z,4H -Y,4H -x,4H -w,4H -v -.
* ,4H -u,4H -t,4H -s
* ,4H -r,4H -q,4H -P,4H -o,4H -n,4H -m,4H -1
* ,4H -k,4H -J,4H -i,4H -h
* ,4H -9,4H -f,4H -e,4H -d,4H -c,4H -b,4H -a
* ,4H -9,4H -8,

1 . 4H -7,4H -6,4H -5,4H -4,4H -3,4H -2
4H -1,4H +0, 4H +1,4H +2

* ,4H +3,4H +4,4H +5,4H +6,4H 47,4H +8,4H --9

. ' " ' " /. , ."".:. -- '''' /" " .- "" ," ." -" •-" ..". .'.'...'' '/: .-:'_" , ' - ' , , - , ,- ',, ' e , '-, . ''



7 . 7 7

. ,4H +a,4H +b,4H +c,4H +d,4H +e

* ,4H +f.,4H +9,4H +h,4H +i,4H +J,4H +k,4H +1
. ,4H +m,4H +n,4H +o,4H +F

* ,4H -iq,4H +r,4H +s,4H +4,4H +u,4H +v,4H +w
* ,4H +x,4H +y,4H +z,4H +*/

C do 100 i = 1,imax
C convert arin(i) to e9.2 formrnat
C call zcetoa(aout,O,arin(i),9,2)
C find exFonent

* C call zciatob(aout,6,8, ind,2)
C check if index within bounds.
C ind=maxO(minO(ind,35) ,-37)

" C Pick uP exFonent.
C irout(i) = iex(ind+38)
C Pick uP sign bit and first significant digit.
C call zmovechr(ir-out(i),O,aout,0,2)

* C Pick up second and third sisnificant disits.
C call zmovechr(irout(i),2,aout,3,2)
C100 continue

return
end
subroutine irnt (array, idim,Jdim, imin, imax,Jmin, Jmax)

C IMPLICIT REAL*8 (A-H, O-Z)

PARAMETER (icr = 19)
c . Programmer: J breaz eal
c..date: 1/10/75

c..things to consider in using this subroutine
* c set value of icr

c set value of nout
c add declarative for 1cm if array is in Icm

" c add declarative value idim,Jdim, imin, imax,Jmin,Jmax
c this routine calls sprnt 0 breazeal) and orderlib routines

i* c..this routine is fashioned after the 'nrl' Prnt routine (see d anderso

c..this routine will Print, the 2-d array specified, a Partial
c..Printout of the array is obtained by settins imin,imax, and
c. .Jmin,Jmax. the maximum Points Per line is 1.9 in the i direction.
c..there is rio limit in the i direction, it more than 19 Points

I c..sPan the Printout in the i direction, the Printout occurs in
c..Partial blocks, where i=imin to imin+19,for Jmin to Jmax;
c.. and next: i=imin+19 to imin+39,for imin to jmax; etc.

c..usuage-

v, c call Prnt (array (1,1), idim, idim, imir, imax, Jmiin,Jmax) S

"' c*..arrav: array to be Printed
c..idim. dimension in i

c.,dim: dimension in i
k.,h c..imin,imax: low and hish range of index i

cjmin,Jmax: low and high range of index J
c..icr: max no. of Points to Print Per liine

PARAMETER (nout = 3)
dimension array (idim,Jdim),sparay(icr)

,*"

", . ..-... ,' , .. **-.-...* '...... . ",*--. ' -.. " " ' .',' .' . .,. ''.. ' ,. ' . .,,, ... ." " • " . ,,'
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i2 0
do 25 iblk = iminimax,icr

i2 i2 + icr. + irtin - 1
if (i2. st. imax) i2 = imax
inur = i2 - iblk + I
write (nout,51) ((i,i=iblk,i2))

do 20 J = Jimin,Jmax

call sPrnt (arrav(iblk,J),sparay,inui)
write (nout,50) (J,(sPar-av(i),i=1,inum))

20 continue

5 continue

50 format (3h J=,i2, 19a6)
51 format (' i ' ,19i6)

return

end
c subroutine leqt1c (an,ia,b,mi, itb,iJob,wa,det, ier)
C IMPLICIT REAL*8(A-H,O-Z)
C

c-leqt lc -------- s/d ----- library 1----------------------------------------
C

C function -matrix decomposition, linear equation
c solution - space economizer solution -

c COMPLEX matrices
c usase - call leqt1c (a,n,ia,b,mi,ib,iJob,wa,det,ier)
c PARAMETERs a - input COMPLEX matrix of dimension n by r

Oc containins the COMPLEX coefficients of the
c equation ax = b.
c on output, a contains the 1-u decomposition of
c a rowwise Permutation of the input matrix a.
c n - order. of matrix a. (input)
c ia - row dimension of a as specified in the callins
C Prosram. (input)
C - input COMPLEX matrix of dimension n by m
c containins the m COMPLEX valued risht hand
c sides of the equation ax = b.
c on output, the solution matrix x replaces b.
c if ijob=1, b is not used.
c t - number of risht hand sides (columns in b).
c (input)
C ib - row dimension of b as specified in the
c callins Prosram. (input)
c ijob - input option PARAMETER. ijob=i implies when
C i=O, factor the matrix and solve the

. c equation ax=b.
C i=1, factor the matrix a.
c i=2, solve the equation ax=b. this
c option implies that leqt1c has already
c been called usins iJob=O or 1 so that
c the matrix has already been factored. in
C this case output matrix a must have been
c saved for reuse in the call to leqtlc.
c wa - work area of lensth n containins the Pivot
c indices.
cmt det - determinant of matrix a.
c ier - error PARAMETER.
C terminal error = 128+n
c n=1 indicates that matrix a is
c alsorithmically sinsular. (see the



c chapter 1. Prelude)
c Precision - sinsle/double

, c reqd. imsl' routines - uertst
c c lansuase - f ortran
C------------------------------ ------------------------------------------------------------------

* c latest revision - January 8,1973
C m

- cm addition of determinant calculation - may 1.7,1979
c IT,

- cm-" C

- sub routin e leqtl1. (aniab,m, ib, iJob,wa,det,ier)
C IMPLICIT REAL*8(A-HO-Z)
c

di m en sion a (ia, 1),Lb(ib,1),wa(1) ,t(2)
c double Precision P, q,zero, one, wa, t, rn, bis
c I COMPLEX a, b, sum, temp

COMPLEX a, b,sumtemPdet
equivalence (sum,t(1))

cl data zero/O.dO/,one/1.dO/
data zero/0.0/,ore/1.0/

cm
- c initialization
- ier 0

-" if (ijob eq. 2) so to 75
Sn = n

c find equilibration factors
do 10 i=l,n

bis = zero
do 5 J=l,n

temp = a(i,J)
Scl P = cdabs(temP)

P = ABS(temp)
if (P .9t. bis) bis = P

cm
* det = (1.,0.)

ssn = 1.
5 continue

• if (bis .eq. zero) so to 105
wa(i) = one/bis

10 cantinue
. c 1-u decomposition
Sdo 70 J 1,n
Siiml = j-i

if (Jml .lt. 1) so to 25
• c compute u(i,J), i=1, .... j-1

do 20 i=l,Jml
sum = a(i,J)
im1 = i-i

4. if (iri .It. 1) so to 20
do 15 k=,iml

• sum = sum-a(i,:)*a(k,j)
15 continue

a(iJ) = sum
" 20 continue
1 25 P zero

c compute u(J,J) and l(i,J), i=J+i .
do 45 i=J,r,

sum = a(i,J)
if (Jml .lt. 1) so to 40
do 35 k=1,Jml

sum = sum-a(ik)*a(k,J)
35 continue

a(i,J) = sum
- .:-; K -- K .- - -.- J . A-



cl 40 R = wa(i)*cdabs(sum)
40 q = wa(i)*ABS(sum)

if (P .Se. q) so to 45
p = q
irrax = i

45 continue S
c test for alsorithmic sinularitY

if (rn+ .. eq. rn) so to 105
if (J .eq. imax) so to 60

c irterchanse rows i and imax
ssn = -1.*sgn

c M
do 50 k=1,n

temp = a(imax,k)
a(imax,k) = a(j,k)
a(.i,k) = temp

50 continue
wa(imax) = wa(i)

60 wa(i) = imax
J.'1 = J+1
if (jFi1 .st. n) so to 70

c divide tv Pivot element u(J,j)
temp = a(.i,j)
do 65 i = ipl,n

a(i,j) = a(i,J)/termp
65 continue
70 continue.

cm calculate determinant
do 72 i=l,n

det = det*a(i,i)
72 continue 5

cm
det = ssn*det

cm
75 if (ijob .eq. 1) so to 9005

do 103 k = 1,m
solve ux = Y for x

iw = 0
do 90 i = 1,n

imax = wa(i)
sum = b(imax,k)
b(imax,k) = b(ik)
if (iw .eq. 0) so to 85
im1 = i-1
do 80 .i iw, iml

sum = sum-a(i,j)*b(J,k)
80 continue

so to 8
85 if (t(1) .ne. zero .or. t(2) .ne. zero) iw = i
88 b(i,k) = sum
90 continue

c solve lv = b for v
nl = n+l

do 100 iw = 1,n
4D i = nl-iw

.ijp1 = i+1
sum = b(i,k)
if (Ui .st. n) -so to 98
do 95 j = JPl,rn

sum = sum-a(i,J)*b(J,k)
95 continue
98 b(i,) =sum/a(ii)

100 continue
-, '- . - o ' .. " . .. ,- .- *. % " . - . . -.,, . - .- . .", .. , .*% ,, \ ,-*.".* . , -. . , . . , ,. , , .



103 continue
so to 9005

c algor-ithmic sirnsu lar-ity
105 i er =129

9000 continue
c ~Print error-

call uertst (ier,6hleqtlc)
9005 return

end
c sutbroutirne uertst (ier 7 name)
C IMPLICIT REAL*B(A-H,O-Z)

*C
c-u er tst-----------------li br-a r I 1----------------------------------------
c
c f uric t io - error, messase seneration
c usase - call uertst(ierrsame)
c PARAMETERs ier - err-or PARAMETER. type + ni where

c type= 128 implies ter-minal error-
c 64 implies warniris with fix
c 32 implies warnins
c n = error code relevant to calliris routine
c name - inpFut vector containins the name of the
c callins routine as a six character liter-al
c string.
c lansuase - fortran
C----------------------------------------------------------------------------------------
c latest revision - jarnuary 18, 1974
c

subroutine uertst (ier, name)
C IMPLICIT REAL*B(A-H,O-Z)

dimension itYF(5,4),ibit(4)
integer name(3)
integer warnivwarfvterrn,printr

data ityp /'warn','ing s 'I

* * ' war-n' ,'ins (','with',' fix ' ,') P
$ ~' term', inial , ,' 5

* ~~nor,- , 'defi ', 'ned 17',I

*ibit / 32,64,128,0/
data Printr / 3/
i er2ier
if (ier2 .se. warn) so to 5

c i oni-defined
i erl 4
go to 20

5 if (ier2 I t. term) go to 10
c terminal
NOier 1=3

so to 20
10 if (ier2 .lt. warf) go to 15

c warn-ins(with fix)
ierl12
so to 20

I *c warninrg
* 15 ierll1
C extract 'rW

C Print error- message
write (printr,25) (ityp(i,ier-1),i=1,5),riamfe,ier2,ier-

25 format(W * i m s 1juertst) ** ',5a4,4x,a4,a2,4x,i2,
* '(ier= i3'))

return

. . .2.



subroutine bS~lCf
C IMPLICIT REAL*K(t-H,O-Z)j

c***** written by J. c. wiley, univ. of texas at austin Jarn 1976
c c--- routine COMPUteS the coefficients of' the b-Slines which foruim

*c a basis over- the set of knrots, r-, with repeated knots
c at the end Po ints. S (j.,1, i) j-Power, 1-seerrenit, j-sF 1ire.

PARAMETER(NP =21,

2 nieqrp= 1,
3 rnsiF= I,
4 ndi P= 1,
5 ntiF= 4,
6 risdFp=101
7 nff12p=nip-"7 riml F=riF-1, ri'1FpnP+l, riF2Fnrip+2,
7 nieqSRF=neqp*nieqp, nep=4*neqp--17

3 ~maXF=rnieiP*r9dp, nisaPl16*nP2p7 nialP=7*rietsctp,
4 nidff12p=neqF'*nF-2F', ndff3Prieqs5qP*rp2P,
5 rnda23P=3*n~eqp, ridff33P=3*ngeR~SRF)

c
c

ircoammo nilnc1/ rif2, nffl, , n p1, ni2

commor/rcl/r(niF),rri(rp)
commor/sacl/sa(risap)
cormrron/Ph iO/pOi (rip) /PhiO2/P02 (n) /FhiO3/P03 (rip)

commarin/phill/F21 (riP) /phii2/pl2(np)/Fhi3/P23(flp)
*common/hiil/-il(np)/phij2/Pi2(rnp)/Fh2/2(p

commori/Fhi i3/pi3 (nip) /Fhi j4/Fj4(rip)
c omrion/phi4/e (rF2p) /Phi5/f (np2Fp)
commori/-ndls/cOP,cOp,bclFz,tbclp,bcl,bcQ
comron/errcl1/er-(nIF2F)
cornmor/serr-cl1/airixerl , amxer2, ermfax

* corion/duml/dl (ri2p)/dum2/d2(np2p)

c commrronis for Spline integrals

c#### ssi(rip2,i),dsi(rip2,7,j),tsi(np2,49,k:)
c#### iriumfber of sinsle intesrals

flc#### j=niumber- of double initcsrals
c#### k~ume of triple intesrals

* carnmoni/ssicl/ssi (ip2p,nsip)
comron/dsicl/dsi(np2P,7,ndiP)
cornimori/tsicl/tsi(nip2p,49,ntip)

IU6 C0
commor/rss iP/. -i, ni (asip) , nsv (2, ris iP)
commoi/rdsip/ndi,nd(ndip),ndv(4,ndjp')
commorl/rits i P nt i, nt(riti P) ,ritv (67riti P)

c

equivalence (sa, sa3)
dimension sa3(4,4,np2p)

* C

C

c4=4.OO/ ((r (2)-r (1)) **4)
* idx=16

sa(idx) -c4
sa(idx-1) = 3.Q*c4*r (2)

*sa(idy-2) =-3. O*c4*r- (2) *r-(2)



sa(idx-3) c4*r (2) *r (2) *r- (2)
c --- i=2

c4=4.0/ ((r(3) -r (2) ) *(r (3) -r (1)) **3)
c3=4.O/ ((r (2) -r-(3))*(r-(2) -r-( 1)**3)
idx=32

*sa ( idx) -c
sa(idx-l) = 3.0*c4*r (3)
sa(idx-2) = -3.0*c4*r(3)*r(3)
sa(idx-3) =c4*r(3)*r(3)*r (3)
sa(idx-4) =sa(idx)-c
sa(idx-5) =sa(idx-1) +3.0*c3*r(2)
sa(idx-6) =sa(idx-2) -3.0*c3*r(2) *r(2)
sa(idx-7) =sa(idx-3) 4c3*r(2)*r(2)*r(2)

c --- i=3
c4=4.0/((r(4)-r(2))*(r(4)-r(3))*(r(4)-r(1))**2)

c32=4. 0/ ( (r- (3) -r (2)) (r (3) -r- (4)) (r- (3) -r- (1)) *2)

idx=48
* sa(idx) =-c4

sa(idx-l) = 43.0*c4*r(4)
sa(idx-2) =-3.O*c4*r(4)*r(4)
sa(idx-3) = c4*r (4) *r (4) *r-(4)
sa(idx-4) =sa(idx) -c3
sa(idx-5) =sa(idx-l) +3.0O*c3*r (3)
sa(idx-6) =sa(idx-2) -3.0O*c3*r (3) *r (3)
sa(idx-7) =sa(idx-3) +c3*r(3)*r(3)*r(3)
sa(idx-6) =sa(idx-4) -c2
sa(idx-9) =sa(idx-5) 4-3.0*c2*r (2)
sa(idx-lO)=a(iix-6) -3.0*c2*r(2)*r(2)
sa(idx-ll)=sa(-idx-7) -4-2*r(2)*r(2)*r(2)

*c---i=4,ri-1
do 10 i=4,riml
ml = i-3
m2=i-2
m3=i -1
m4=i

A m5=i+l

c 14. 0/ ( (r (m2)-r- (ml)) (r (m2) -r (m3i) )*(r- (m2) -r- (m4) )*(r (m2) -r (m5)

idx=16*i
A sa(idx) =-c4

sa(idx-1) =+3.0*c4*r(n5)
sa(idx-2) =-3.O*c4*r(mr5)*r(m5)

sa(idx-3) c c4 r mn) r-(m5)*r.(mr,)



sa (icix-4) =sa(idx) -cS
sa(idx-5) =sa(idx-1) +3.0*c3*r(mf4)
sa(idx-6) =sa i d x-2) -3.O0*c 3S*r-(m4)Sr- m4)
sa ( idx -7) =sai d x-3) +cS*r (m4) *r-(m4) *r, ri)
sa(idx-8) =sa(idx-4) -c2

*sa ( idx-9) =,-a( idx(-5) +3.0 *c 2S*r-(rm3)
sa(idx-l0)=sa(idx-6) -3. O~c2Sr (m3j)S*r (mr,3),
98 ( i cx-l 1 ) =sa ( i dx-7) +c2Sr- (mri) Sr (ryiS) Sr (imS)
98 (idx-12)=-sa(idx-6) -ci
sa(idx-13)=sa(idx-9) +3.0*clI *r- (m2)
sa(idx-i4)=sa(idx-0)-.0*cl~r(f2)*r(mr2)
sa(idx-15)=sa(idx-1i) +lri2'ri2'ri2

10 continue+c1r-(r2r(m)rm)
c --- i=fl

ml n-S
in2=ri-2

in4=n
* c4=12. 0(r(m4 r- m)1*r, O4) r(m2))*(r-(m4)-r(n3)))

c3=-4. 0/ ((r (m4A)-r (n2) ) *(r (i4) -r(m3) ) * ((m4) -r (ml)) *2)
2 -4.O/((r(in4)-r(ml))S(r-(m4)-r(ml))*(r(i4)-r(n2))**2)
3 -4.0/((r(i4)-r(ml))*(r(no4)-r(n2))'K(r-(m4)-r(rni3))**2)
C2= 4.O/((r(m)-r(nl))S(r(3)-r(n2))*(r(nS)-r(n4))K*2)
c1= 4.0/((r(m2)-r(ml))S(r-(mr2)-r(in3))*-(r(m2)-r.(m4))**2)
idxi16*n
sa(icix-4) -cS
sa(idx-5) =c4 +-3.05~c3*r (ff,4)
sa(idx-b) - -2.0*c4 -3.O*cS*r(n4)Sr(n4)
98 (idn-7) =c4*r (firA)*r (i4)+cS*r (m4)*'r (m4)*'r(in4)
sa(idx-8) =-saUi dx-4) -c2

* . sa(idn-9) =sa(idx-5) -'3.0*c2*r(m3)
sa(idx-iO)=sa(idx-6) -3.05c2*r(nS)*r(mn3)
sa(icix-il)=sa(idx-7) + c2 *r (m3) r (m3) r-(m3)
sa(i dx-12) sa (idx-8) -ci
sa(idx-13)=sa(idx-9) 43.O*cl*r(m2)
sa (idx-14)=sa (idx-10)-3.O*cl~r (i2)*r (m2)

* sa(idx(-15)=sa(idx-11) 4ci~r(r2)*r(m2)Sr(m2)
C --- in+1

c4= 12.0/((r(m4A)-r(n2)) * (r- (m4) -r-(mn3)))
c3=-i2.O/((r(m4)-r(r3)) * (r-(mr4) -r(m2))**2)

2 -12.0/((r(n4)-r(in2)) *(r(m4)-r(inS))**2)
C2= 4.0/(r(r4)-r(na3)) S(r (m4) -r (f2) )**3)

2 44.0/((r(m4)-r(in2))*52 S(r(m4)-r(mf3))*52)
3 +4.0/((r(m4)-r(n2)) *(r(m4)-r(r3))**53,)
c1= 4.0/((r(mS)-r(m2)) *(r(i3)-r(m4))**3)
idxlbS (mi-i)
sa(idx-6) = -c 2
sa(idx-9) = c3 4-3.O*c2Sr(in4)
sa (idx-iO)=-c4 -2.0*c3*r (m4) -3:.O~c2Sr (in4)Sr (m4)
sa(idx-li)= c4*r(m4)4-c3*r(ri4)*r(m4)-ec2r(m4)*r(m4)Sr(m4)
sa(idx-12)=sa(idx-S) -ci
sa(id?,-13)=sa(idx-9) 43.O*ci*r(mS)
sa(idx-14)=sa(idx-iO--3.O*clr(Si)r(fi3)
sa(idx-iS)=sa(idx-11) + ci1 r (m3) r (m 3)S(m 3)

c c--- ini2
c4= t4.0/(r(m4)-r(n,3))
c3=-12.0/ (a-(m4)-r (iS)) SS2
c2=-'-2.O/(r(n4)-r(r3) )*SS
cl= -4.0/(r.(m4)-r.(in))*54
idxlbS (ritZ)
sa(idx-12)- -ci
sa(idx-13)in c2 +3.O*cl*r.(n4)
sa (idx-14) = -c3 -2. 0*c2*r (m4) -3-. C)clI r (rirA) Sr(m4)

-A -. AA AM *t .t ft: -, I . . . - - . - . . %' .



sa (i dx-15) =c44-c3*r (rr14) +c2*r (mr4)*r (f14)+icl*r(mn4) *r (m4) *r (m4)
r eturn
en d

* subroutine depse(fri, c)
* C IMPLICIT REAL*8(A-H1 O-Z)
*c***** written by J. c. wiley unoiv. of texas at austin Jarn 1976

dimrerisiorn fn(5) , c (1)

PARAMETER(NP =21,

2 nri'p= 1 7
3 nis iF= 1,
4 rndip= 1~
5 riti P= 4,
6 ngdp=1O1,
7 nff12F=np-2, nilp=rnp-l,nrip1P=nlF'+1,nrF2p=rip+2,
7 ieR~qF'=ieqp1eRi~Pniep=4*rneqp+1,
3 rnaxprieqp*nisdp, nsap=16*np2p,nralp=7*rneqSqp,

04 ndr2p=neqp*np2p,ridm3p=neqs~p*rnp2p,
5 ndr23p='3*rieRP, rndffi3P=3.*reqsqp)

c ommroni/nc1/nir2,r ilro r,np , np2
commron/rcl/r(rip),rr,(np)
comfirion/sacl/sa(nsaFp)
c orrmror/pI-iiOl /FO01 (nip) /phiO2/P02 (rip) /phiO3/p03 (nF)
corrionr/phil1 /pi 1(rF) /Phi 12/P12 (rip) /Phii3/pl3(rnp)
corirnr/ehi2l/F2 (rip) /Phi22/F22 (rp) /Fhi23/p23 (npl
comrnoi/phiil/pil(n') /Phii2/pi2(np)

* commor/phii3/pi3(np) /Phii4/Fpi4(np)
carnrnor/phi4/e(rnp2p) /Phi5/f (nF2F)
comrion/bndvls/t'c0p, bCOFl,bC ipi, bc p, bc ,btCO
commnro/errcl/err(nF2p)
commonr/serrcl/arxerl,arnxer2,ernax
cowior/durnsl/dl(nip2p)/dumr2/d2(np2Fp)

c comnrrs for splinie initegrals

c#### ssi(nip2,i),dsi(rip2,7,j),tsi(np2,49,:)
c#### irumber- of single intesrals
c#### jrsunber of double integrals

fN c#### knurnber of triple integrals
C

cornmo/ssicl/ssi(rip2p,risiFp)
cornron/dsicl/dsi (np2p;7,ridip)
comono/tsicl/tsi (iF2F,49,nrtip)

U. commor/rssip/risi 7 nsi (risi P) , rnsv (2, risip)
commono/ndsip/ndi,nd(rdi),dv(4,ndip)
comrn/tsip/iti,nti(ntip),ntv(6,ritip)

equivalence (sa, sa3)
dimnension sa3(474,np2p)

C

* nr3n-3
if(abs(fn(1)k.st.abs(10.*frg(2))) so to 20

* c---find derivative of fcri at end Pts.
dl1= (fri(2) -fri(1))/ (r (2) -r (1))

4 dl2(fn(3)-fn(2))/(r(3)-r.(2))
d13=(fn(4)-fn(3))/(r(4)-r(3))
d2l (d12-dl1) /(r (3) -r (1))

'a. a* *.~ ~* *.*'. ~-!A



d22= (d I3-d12) / (r- (4) -r- (2))
d31= (d2'2-d21) / (r- (4) -r- (I)

f POd 1 1-d21 *r (2) +d31 *r- (2) *r- ('3)

dl1 (f(ii) -f (ir3) ) /(r (ir2) -r(rirri3) )
d d1 = ( fr, (rim1) - f rf(in m2) ) / (r-(rrrI ) -r (nr2) )
d 13=(frn ( ro) -frin; m 1/ (n (r)-r- (rirriI
d2 1(d 12-dll11(r rirrI)-r rir3))
d22=(d 13-d 12) /(r- (nt)-r- (rirr2))
d31= (d2...d2 1) r (rn )-r-(rir3) )

C - - -COflFUte e ard f.
c (1 )=fn (1) /F01 (1 )

22 con t inue

e (2) =0. 0

f (3) =( f n (2)--01 (2) *1' (2)) /F02 (2)
do 10 i=4,n

e( i )=1 0/ (FOl i-1 *e i-1)+F02e_(i-.))

e ( i)=-PQ3(i-l) *e(i)
10 continue

c - - -comp~ute c.
c (np2) =f n (n)/03 (n)

do 1.2 i=2,ri
rp2-i

c (J )=e(i) *c (.j+1)+f (J)

12 continue
* return

20 c o ntin u e
dll=(fni(3)-fn(2))/(n-(3)-r(2))
dl2=('ni(4)-fn(3))/(r(4)-r(3))
d13=(fri(5)-fri(4)) /(r (5) -r-(4))
d2l=(dl2-dll)/(*(4)-r*(2))

* d22=idl3-d12)/(r(5)-r-(3))
d3l=(d22-d2l) /(r (5)-r (2))

fri0=fr(2)+(r()-r(2))*(dll+(r(1)-r-(3))*(d2l
2 + +(r(l1) -r (4) )*d31)

fFOdll+d2*((()-r(3))+(r(l)-n-(2)))+d31*( (r(1)-r (3))

2 (r()-r()rI--(2))*(r(1)-r(3)))
3 r 1 ) -r- (2)O (r1) -. 3

so to 22

subroutine deset (i)

C IMPLICIT REAL*B(A-H,0-Z)
d*e c***** wr'itteni by j. c. wilev unviv. of texas at austin Jan 19760

C

PARAMETER(NP =21,
2 n eq F 1~

4 rndip 1,
S rtip= 4,

6 ridp=1l,-
7 r~n 2pn P -2, n mI p n r- 1 n r- = 1 r+ 1 , rl p nFrP +2,
7 rieqsqF-=relF*neqFp, rer-4*neqFp+l,
3 raXFrne9*rgsdp, nap=16*nip'4p, nalr=7*neqS.Fr,

PO 4 nidrn2Fnieqr*ng2p, ndrr3F=ne'RS~lF*nF-,
5 r,dmr23F=3*necqFndffr33rF=3*recqS9F)

C



* c ornirrionric 1 /nmry21 rm1 7 ni, rP 17rF2
c corrrior/rc /r(riF),rrnifriF)p
c cofrriono/ ac 1/sa (risaF

*corTrimorPi'/Pt-01 /F1)h 02/ P 2 ri P) P h 03 P 03 r, -)
c corriorn/FP h il11/F P 1 (rn ) /FPhi 12/F 12 n( rF-- hf -. 13/P t13 (r, .

* comrmror/Fhi2l /P21 (ri) F/Phi22/F22 (nPl) /Fhj23/F-23 (rF )
* ~~C orrrtor/Fh iil/i 1 (nri) IF-hii2/F ±2 (rIP)

commnor/Fhi i3IPi3 (ri) Iphi j4,pj 4 ( riF
c orifriI/h i4/e (riF2p) /Fh i5/f' (riF2F
cormno/trdvls/bc0p, bCOFl 1, t-C 11 ti , tIc- 1C, bc0
roornoerrc 1/err (riPF)
commonr/serrc 1 /a rnxer-1, arinx-er2, e'rrnax
commnrnr/duffl/d I (riF2F) /durn2ld2 (rip 2p)

C

0c#### si (ri2, i) ,dsi (rs'A,7 7j ) ,tsi (rp'2,49, k)
c#### irnumfber- of sinsle intenrals

c#### k=riurber of' triple- iritesrals
C

corniori/sic1Issi (rip2F,nrsiF)
c onn/dsic 1ds i(nF2p,7, ridiFP)
corrori/tsiclltsi(rip2F,49,ritiF')

c
-. corrnor/rsiFP/risi,rnsJ(r~iF'),risv(2,risip)

c cfoln/rlrds iFrd i,rid(rdiP) ,ridv (4,rid iP)
comrrriai/ritsip/ti,ntit.(rtp),rtv(6,rip)

* equivalenrce (sa,sa3)
dirnernsior; sa3(474,rgp2F)

data fli1(1),Fi2(1) ,Fpi3(1) ,i4(1)/4*0.0I
c c--- subroutirne sets up values of splinires at the knots.

* do 10 i.1,n
c call spv1(i,r(i),P01(i),1)

*call SPVI(i4-1,r(i),P02(i), 1)
C al 1SPVl(i+2,r(i),P03(i),1)

*call spvlp(i,r(i),p1l(i),1)
call £spvlP(i+1,r(i),F12(i)-71)
C call S~PIP( i+2, r-( i F-13(i 71)
call SPVlFP(i,r(i),p21(i) ,1)

*call SP~iFF (i+l, r(i) ,p22(j) , 1)
*call SPVlF'P(i+2, r (i),FP23'j(i), 1)

10 continue

P03(1)=0.0
-P IO (n)C=0. 0

F02(n,)=O. 0

p 11 (ni) =0. 0
do 12 i.=2,ni

* ~Pil (i)=gaus6(i-I, i,.h)
ei2(i)=saus6(i,i LJh)
Pi3(i)=qaus6(i+1, ±,Jh)

* 12 c ont inue
bc0P = P11 (1I)

*bC0'1 = F12 ( I)
b iCi~ 1P1, Pl12(n)



bc 1 r.=-13 (n)
bc I =P03 (n)
b c0 = p01 (I)

r-e Ur- n

* function SaUS1O(FiJ,F-2,p3, ria, Li)0

C IMPLiciT REAL *8 (A-H, 0-Z)
c***** written by J.c. wi 1eY univ. of' texas at aUStin Jian 1976

d imen s ion pF1 (5) , F2 (5) ,F3 (5)
datawl,w2,w3/.467913934572691,.3607 615 7 3O4 8l 3 9 , .17132449237o/917//
dataxl,x2,x3/.2386l9l166083197, .661209386466265. .932 -46951420315'2/

3 (P3(1) +X*(-3(2) +X*(P:3(3) +x* (P3'(A) +x*F3-:(5))))
4 (x* * n)
rd0.5* (b-a)
rnF0. 5* (b+a)

* aus1O =rd*(w3*(fcrn(rF-r-d*x3)+fcri(rFP+rd*x3,))
2 ~+w2*(fcrg(rp-rd*x2)+fcni(rp+rd*x2))

3 +wl*(fcni(rF-rd*xl)+fcn(rF-+nd*x1I)))
r et u r- n~

function 9aus6(k,,j~h)
C IMPLICIT REAL*8(A-H,O-Z)
c***** writteni by J. c. wiley Univ. of texas at austin jan 1976
c

PARAMETER (NP 21,
2 ieqFp 1,
3 risiF 1,

*4 nidip 1 ,
5 ritip= 4,
6 rsdF=101 ,
7 nm2FrIF--2, rrri =riP- 1 ,r PIFF=niP+ I nrip2p=ri P+2,
7 neqSqIFrneRF-*neqp,nrep=4*reqp+1,
3 ffaxp~nep*rngdF, isap16*n"2'P nialp=7*nie'--qp,

* 4 rndmr2F=re'qp'*r2p,nr3Fp=neqsqp-*nip2F,
5 ndff123P=3*nipq,ndff#33P=3*nieqsgp)

c

c

c orriio ri nc 1 /nr2, rim Il , ni, niP 1 n rP2
corrrror/rc 1/r CrF) ,rri(riP)

commcn/sac/sa(rnSaP)
c owmo n/ Ph i 1/ PO1 (n P) P hi02/ F02 (n P)/P hi 03/ O(ip)
comrioni/phil1l1 (rp) /Fhj 2/c12 (rip) /Fhi13/c13 (rip)
carirnaori/Fh.2l/F21 (lp) /Fhi22/F22(np) /Phii2f3/p2 3(rip)
corrirror/chii± /Fci1(nFp) /Pii2/ci2 (nc)

*commori/chi i3/pi3'j(ic) /phi i4/c i4 (rp)
comrnor/hi4/e (rp2p) /Fhi5/f (ni2p)
corirori/brdls/tcO', bc0~1 ~bc 1rl ,c iF,btc 1~ticO
c omrmorer rc 1er-r- (n.2P)
c ommois er rc 1/affix e r 1 , affx er2, erma x
comfmon/durrl/di (ri.p)/durri2/d2(rFp2Fc)

c commrons5 for Sc*1 ine i nitegrals

c#### sfsi(np2,i),dsi(riFc2,7,j),tsi(ic2,49,k.)
c#### i=niurrber. of single integrals
c#### j=niumbter of double iritesr-als
c*## k=riumibe- of triple itesrals

c orrmor/ssi cI / ssi kriP 2F. ris. t.~



C orrord i c d irpF-, 7 , 1id i P

C Ofrrirnori/s i P/tsi (rF2,4 i-iP, riiF) s

c orriroi/ds i F/rdi , ridi ( rid F P) , ridv (4, rij)
*c orirrorin/rnits i-F/ nti, ntJ (nit P) * it v (6, r, t i. F) S

equivalence (sa, sa3)
dimren~sion sa3(4,4,r1F2p)

datawl,w2,w3/.4679139345*7'2691, .3607/61573048139,. 171324492 3791710! 0
dataxi, x2, x3/. 236619i86083197, .66120938648626j, .932469514203152/
dimfension Y(6),x(6)
rd=0.5* (r- i)-r i - I
r 0. 5* (r (i + +r (i- I)
x (1) =rF-rd*x3
x (2>=rp-rd*x2
x (3) =r P-rd *x I
x (4)=rr+r-d*xl
x (5)=ig-+rd*x2
x (6) =rp+r-d*x3
call sFvl(k,x(1) ,Y(1),6)
saus6=rd*(w3*(x()**jih*v(1)+x(6)*(jhi*v(6))

2 +w2* (x (2) *jh*v (2) +x (5) **jh*v (5))
3 +wl*(x(3)**ji*v(3)+x(4)**jhi*v(4)))
ret u r n

suiroutine rid(er,isw)
C IMPLICIT REAL*B(A-H,O-Z)

*c***** written by j. c. wiley univ. of texas at austin jian 1976
C
c

PARAMETER(NP =21,

2 nieqp 11
3 nis i P= I.

*b 4 ridiF= 1,
5 ntip= 4,
6 rdp101,
7 rf2p=ni-2,rimIl.FripF-1, rip IP~nip+l, iF-2Fp=ri+2,
7 niesqpneqp*rneqp,nrep=4*neqp+l,
3 ffaxp=nieqp*risdp,nrsap=16*rip2p,nraliF=7*rieqtsqF,
4 nidm2p=neqp*nap2p, ndm3p=nieqS' Fp*np2p,

5 nidff23p3*neqp,ridri33P=3*rieqsqp)

c
c ommori/ricI./riff2i riffi, ri. rip 1 , niP2
c omrrrior/rc 1 In (rip) , rr, (rip)
cormffo/sacl/sa(risap)
cowimori/pil/POi (rip) /PhiO2/F'02(np) /PhiO3/P03 (rp)

corimori/Fhi2l/p21 (rip) /Fhi22/F-22(rip) /Fhi23/F.23 (rip)
c offmon/phi i I /F.i 1(nip) /phi i2/p i2 (r[F)

* comron/hii3/pi3(np) /Fhii4/pi4(np)
comorinor/hi4/e (nip2") /Fh is/f (nip2F)
commni/bndv1s/tic~p,bcOp,bcp,bcl,bclitbc0
c orrmor/errc I / err (niF2p)
corrmor/serr-cl1/armxerl , amxe'r2, eriax
commffon/dumrl/di (niF2)/dum2/d2(nF'2p)

gC
c com~mons5 for. spline iritegrals
C



* c####* iriurniber of sirole iriteerals
c #### J~urbr of double J nt. es r, i Is
c c#### k~rurnber. of triple jn t e -3 I s

c to ma, or/s .cI / s s (rnF 2F,rnsiF J.
corrmo/dsicl/dsi (ri 2F ,7,rnijF)
c ommorts ic 1.t si (rF2P 49, rit i P

c
c omrmonriss iFPis i , nsJ (rs iF)P ns v (2, nri PF

c corro/nds i P/n di ,ridi (d i i;) , dv (4, rd i i
* corriro/rtsi P/nt i , ntJ (rt i F) n tv (6, rit i F)
c

equivalenice (sa,sa3)
dimnsion sa3(4,4,nF2P)

c

C
dimension er(1)

c ---- sni d sets up srid S~aC irs.
c iswlI,uniform srid.
c isw=2,S~aCins ba-sed orn err fcn.
c . sw= ,

c isw=4,uniiform except end p ts .
so to (801,802,803,804), isw

c ---sets up uniformr mesh.
* 801 do 10 j1l,r
* 10 er(i)=(i-1.0)/(r-1.0)

return

c --- this section choses a new set of knots based orn the error
*c function er

* c--
c ---rnote: en. orn exit contains new x.

802 continue
-ewmax =0. 0r

do 19 i=2,nrnl
* 19 emraxMAX(ernax,er(i))

n eri na=. 00 1 *ema x
do 20 i=2,nr.
er ( i)=MA X (em in,er i)
e er( i) =er ( i)0. 25

20 continue
er(l)=er(2)
er.(r.)=er- (nrr,
S u m=0. 0
do 21 i1l,nnl

* 21 surr~surn+0. 5* (er- (i )+er (i+1) ) *(r (i+1 )-r (i))
* sumr=sumr/nml

A~. c --- comrpute Partition.
* rn(l)0O.0

* tot-0.0
iflsl

* do 22 i=2,nml
soal=( i-i) *sum

25 del=(r-(I:+)-r(k))
adddel*(er-0k+1)+er0k) )*0.5

* if(add+tot.lt.soal) so to 23
*rn (i)=r (k)+(soal-tt)*dE'] /add

so to 22
23 totintot+add

* k-k+l
so t~o 25

* .* *. . .. . .. . .. . .



.-. . . . . . . .0 ...

-2 c ont ilnue

r n~(e 1 0 0r' n n 1 0'.-"

do 33 i=.,n
er (i)=r-n (i)

33 corntinrlue
r etur r r n

803 continue
c----rap er to scalirs forr.

er ( 1) =er (2)
er (n) =er (ri)

* do 40 i=l,n S
if(er(i).st.amyer.2) so to 41
if(er(i).st.a mxer1)so to 42
if(er(i).st.0.2*affixer1.) go to 43 -.- F

er (i)=1.25
so to 40

41 er(i)=0.60
so to 40

42 er (i) =0.75
so to 40

'43 er (i)=1.00
40 continue

A c---compute new r.
rin=O.0
do 50 i=1,nmlriF-1I n rir, + (r ( i+ 1 -r (i 0 0.5, e r. (. + er. i+1) I'

er ( i ) n i r'
r i n=r iF I n

50 continue
* er(n)=ripln

c---rescale.
do 51 il,r,

51 er (i)=er (i)/er(n)
c---check er for rninineun sF-acins.

do 54 i=2,r,
* if(er(i)-er(i-1).st..01) so to 54

er(i)=er(i-1)+.01.
54 c o rt inue

do 55 i=2,n
55 er(i)=er(i)/er(n)

return o

804 continue
r,m4=n-4
dlr=l. / (nm4-1)
er ( 1 ) =0.0
er (2) =. 5*dlr
er (3) =dlr

4 er (4) =1. 5*dlr 0
do 87 i=5,nm4
er (i) =(i-3) *dlr

87 continue
er. (n-3)=(nf14-2.5) *dlr
er (r-2) = (nm4-2) *dlr.

* er(n-1)=(nm4-1.5)*dlr. -
er (n)=1.
return .-
end"-

subroutine Pop(aF, pl nns)
C IMPLICIT REAL*8(A-H,D-Z)

* c$**** written by J. c. wiley univ. of texas at austin, .ian 1976
dimension .(5),a(4)
irax=4+r,-1

• % .* % '*. -*,• " . , .* . " . " ,... -. .. - , . " .' ' ' .-.- % .-. " " .I ,.," " .,.. ' . % - . " . % "% , "
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do 10 i=1,5
10 P (i) =0.Q0

jrrii nrja xO (1 + -ri,1)
r;s=mrax0(1-Jrriir+l,0)
if (Jrri . st.4) return

* do 11 J=Jrriir,,40

if(l.ect.0) so to 12
do 13 i1=~1I

12 P 0J +ris-l 1 = a c *a (,i
* 11 c ont inue0

ret u rnr
enrd
subrout ine re r-dr- (u rik rriew)

C IMPLICIT REAL*B(A-H,O-Z)
c***** written ty j. c. wiley univ. of texas at aUStin Jan 1976
c - - -reordr- initerpolates u from current 9rid, r, to new grid.
c

PARAMETER(NP = 21,
2 rieqF= 1~
3 risiP= 1 ,
4 ridiF 1 ,
5 rt i 4,
6 ngdF=101,
7 rm2p=np-2, inl F=nF-1, nip IP=rip-1, riF2Frip+2,
7 rieqSqp=rieqp*rieqF, leF=4*i-ieqFp+1
31 ffaXp=ngeqF*nsd-, risap=l6*riF2F', nalp=-7*rieciSqF,
4 ridM' pnip*rF-p,nrdm- rnie9S9F'*rop2p,
5 nd2P3nq~dm3=*~~p

C
dieso nw()unprk
dCmnsionrnwl,~Fk

C

comron/ricl/nim2,rin,ni,rip,nF2
* commorg/rcl/r-(rip),rn(np)

commffon/sac 1/sa (nsap)
comrnon/hiOl/FO01(np)/PhiiO2/02(np)/PhiO3/*03(iF')

common/phil/p2(n)/Phi22/Fp22(nFp)/F-hil3/pl3(iF)
common/phil/Fil(riP)/Fii22/pi2(rF)/Fh2/2(p

* comfiof/hiil/pil(nP) /FPhii4/pi4(rip)
con/Fhi4/ (p) /,hii/ (i.(F)
common/pi/brels/bcOF bcO/1 , bc pi )c1,tc1
c ommon/brrc 1s/rr (riF2FltCFlbl~c~
c ommon/errcl1/arrne , merer
c omron/serr/1 amxer)1, mer2(, rp)
coSmo/ul/C S2)du2d(rpp

c comnfo 1iiiterl
C comnfospieiteal
c##si n2,i),di(F27J),tiri249
c####* i nP2,iof s in Ple 7 itas np2 9
c#### inumbep of double integrals
c### jknumber of double iritesrals
0,c###knme ftil ner

C omnsilsinpprsF
comrmon/sicl/sij(np2p,7nid)
comrmon/sicl/tsi(ngp2p,4,ntiFp)

C omntilti~pp4,tp
* omnnsi/Cins.(ii)ns(,sp

coffmor/nsiF/nsi,nsid(rsip),niv(4,ndiFp)
commor/nsp/nt , ridJ rnip),tv (4,nitiF')

comm n/rtsip rit , r '. n i F n tv 6,r, i



ect i v a Ieric E (s a, s a3)
dimnsion, saO(4,4,nr-2F)
d imnr i or, U i I1 S P (1

ec0

d o 12 k<=1 n
call depse(tj(1, k) ,ui)
do 13 i=1,r,

13 u (i k)=0.
* do 12 11=,rp20
* call spvl (l,riew,s-,rn)

d o 12 i=1,rn
u u( i,k )=u i , k+uj 1)S P i)

12 c ont inue
return
end
sub~routine re'se(c,v)

C IMPLICIT REAL*8(iA-HO-Z)
c****NC written by J. c. wiley univ. of' texas at austin Jani 1976

PARAM1ETER(NP = 21,
2 nectp 11

3 ndiF= 1,

5nitip= 4,
6 ngdp=101,
7 nm2F~nF--2,rilF=nip-l rIplFrinp+ln rp2p=rgp42,

* 7 neRSqp=neqp*rneqp, neF4*rgeqp+l,
3 rnaxp=rie~p*nisdF, nsaFl=6*nP2F, n~a I =7*necqscp,
4 ndm2pneqp*rnp2p, ndm3negsap*nF 2F,
5 ndrn23Fp=3*rnecp,rndm33P=3*nRgp)

c

c orrioni/nc l/r2, ril, rn, nipi1 P
* c ofrimror/rc 1 /r- (nF-) , rn (EF)

coffimon/sacl/sairnsaFp)
comffor/phiOl/pOl (rip) /FhiO2/FP02(nF')/PhiO3/P03(gp)
common/ehil1 /F 11(ne)/IFhi 12/F'12 rF-) /ehi 13/F13 (rp)

* ecomrion/Fhi2l/F21 (nF) /ehi22/p22 (np)Fl /ei23/F23 (nFl)
* ~comron/phi il/il (rip) /Phi i2/pi2 (ne)
* common/Fhtii3/Fi3(e) /Fhii4/F'i4(ie)

cormor/hi4/e (ne2p) /p-5/f (np2Fe)
cornmon/bridvls/t'COF,bcOel be 11, be p, bcl1~bcQ
c offimr/errc 1l/er-r (iF2F)0
c ommor/serrc 1 /amxer 1 , arrxer2, ermax
comnmon/duml/d1 (rF2F)/dumf2/d2(rie2e)

c commons for s-l ine intesrals

~c#*** ssi(np2,i),dsi(ne2,7,j),tsi(rie21 49,k,)
c#### iraumfber of single intesrals
c*## i-number of double intearals
c#### k-naumber of trIFle integrals
C

comrn/ssic l/ssi (nee2F1r-.SiF)
comrmor/ds icI/clsi (np2F., 7, rid i )

*commor,/ts iclI/ts i (rgP2-, 49, r~tiF-)

V.~~~~~~~~ ~~~~ ~ ~~~~~ .*.- ***. ** **..* * e~~*.* .* * * . . . . . . . .



c orriroriris s i Sis,i'nsi Fris v(2 n s iF
c ormnroi/rads i r /nrd i , ridi (rid i P) , idv (4, i-id i F)
c coffifior/rtEi F/rt i,rtJ (rt iF)rtv (6, rit iP )

*equivalen~ce ( sa ,sa3)
d diffierg i or s a 3(4, 4, rF2F-)

- C

C - - -COMFUteS the f'unctioni values at the test Points from the s~l inec oef
* do 10 i=1 , r

V( i) =C( i )*F0 ( i) +C (i+ ) *F02( i )+c (i+2) *F03 (i
* 10 cniu

return
enitry r-eFsF(C, V)
do 11 i=l,ri

* 11 continue

do 12 i=1 ,n
* ~v (i )=C(i) *F21 ( ) +c ( i--) *F2-( i ) +c(i+2) *p23 (i)
* 12 continue

return
entry repsi (c v)

C do 13 i=2,n

* returnr
- end

rc, sub'routine rrnove(rrgew)
-: C IMPLICIT REAL*BUA-H,0-Z)
S c***** wr-itten by J'. c. wiley univ. of texas at austin Jar. 1976
* C
-- c

PARAMETER(NF = 21,
2. fltqF-= I
3 rsip= 11

-4 ndipm 1,
25ntiFe 4,

* 6 vd0l
*7 nrnff2Fn. -2, nmrnl p- 9r -I riP1F-Fnp+1 , nPiFF=rip+2,
ki C7 nest-n"1 n~. ngeF=4*rictF-+l,

31 fiaXF=ne91F*ridF , risap-16*nFpr, na1F=7*r,eqsqF-,
4 ridmr2F =roeqp *nF-2F r~dM3Fpi1-eqS'p*ngF2Fp,



5 n d 23F=3'reqFnLirri33 F-= ,e

C

C 0M o ri 'rnrc 1 n rrri 2 rirmnI r n~ P rI n 2
*c orrmmo r/ Ic 1 /r ( rI-. ) , rrn ( ri r )

c m co n o/cl/sa(nsap)
coImrror/FhiOl/fF01 (rip) /FhiO2/P02 (r) /FhiO3/F-,3 (rFr.)

*comrrroi/hill/1F11 (rip) /Phil2/P12 (rip)/Phi 13/F13(rip)
c arrifion/rt-ii2l/r21 (r1P) /FPhi22/F-22 (rii) /phi i23/p 23 ( IF) -

comiron/Fhi i 1/Pi 1 (nIF) /Phi i2/p i2 (nF)
* ~corrmrorn/phi 3.3/Fi3 (rip) /F1-hii4/Fi4 (rir)

c orrirno/Fii4/e (1F2p) /Ph hi/f (ruF2p)
* comrin'r/brdvls/c~p,bc~p,tbclp,bc1F,tcl,tcO

orruror/errc /er-r- nF2F)
c offmnrr ~serr c 1 /'arrnxe-I arnxer2, errriax
c orrrrior/duril /d 1 (ruF2F.) /duff12/d2 (ru21)

ec..
C comnrrs for- spline intesrals

* c#### ssi (nFp2,i) ,dsi (np2,7,J ) ,tsi (rp2,49, k)
* c#### irurber. of single inteerals
* c#*### j~rnurber of double initesrals

c#### k=rurrber of trliple inteerals
C

cornon/ssicl/ssi(nP2F',nusip)
c on'uronr/ ds i c 1/ ds i (rup2F, 7, rid i P)

* cornron/tsicl/tsi(nF2F,49,nutip)

cornrnor/rssi/nsi,rsi(risip),rnsv(2,risip)
* cornror/ndsiF/ndi ,ndj (ndiF) ,nrdy(4, ndip)

carrurori/rtsiF/riti,ntj(rutiF),nutv(6,rutiF')

* equivalenuce (sa,sa3)
dimrenusioni sa3(4,4,ruF2F')

ec
dimension rruew(l)

* do 10 i1l,r
* nri)=rruew(i)
* rruew(i)=O.0.

* 10 continue
* return
* end

subroutine sfeva 1
* C IMPLICIT REAL*6(A-H,O-Z)

C
c***** writteu by J. c. wiley uruiv. of texas at austin jan 1976

cS

PARAMETER(NP = 21,
2 rueqFp 1,
3 rusip= I
4 ridiFp 1,
5J ntip= 4,

* 6 nsdp=101
*7 nff2F=nup-2,nrmF-=r-1 ~r§F* F=riF+J., reF2PruF+2..
* 7 eeqSqF=nueqF*reqF, neF=4*ne~p+l,
*3 IaXF=ne1F*nisdF,9 rsap=16*rur2pF, ria IFP7*nectsqF,
*4 n dm2p= n eq P* n P2F, n dr3F n eq s qF'*neF-2F

5 rdm23Fp=3*reeqF, edmr33=3*neqsqF)
C

* c



CO
c ormmrian /, c 1 / nirr, n ,r 1 7 ri F1 n P 2
c orrrfo ni/rc 1 /r (r ) 1- P i r-inP)
c o rrioni/s ac 1 /a (nisaP)
c orimn/phi F'/h01 (riP) / Ph iO02/ P0)2 (r1 iP) /h i03F/'03 (riP..)
c oo r r -/h il PI 11 (i:) /pFh i 12/ F.12 (n11 -) /r-h i 13/1" 13 ( nr-
c cormmo n/F'h i2 1/ 2 1 (r I) / Ph i22/r -2'2 ( ri P) /Phij.23/ F.23 ( F,)F6'
c o mm on/PN-1 Pi I n P (rP /h i i 2/P i 2 ( r IF
commffon/F-hi is/F i3 (rip) /phi ±4/p ±4 (rip)
cofammain/ph i4/e (n~2n) /ph iS/-f (ripr-'n
c orraon / b ndv 1 s / bcOp, bc OP 17 bc IP 1 bc IFP, b c 17 bc 0
c ammaron / er r-c 1 /er r. (n P'2p
c commarion/ serrc I1/amfx erl amrx er2, mx
c ormo n/ duml/dl1 ( nFn2P)d um2/ d2 (n P2P)

C

C i commrons forS s1 ine integral1s
C -

c###* ss i(nFp , i ) ds i (nw2,7, J) ,ts i (rp2,49,k )
*c#### i=number- of single irtesrals
c#*## J~numfber- of double intesrals
c**## knur.-iber- of triple integrals

comfmon/ssicl/ssi (np2p, nsip)
c orrio n / d si cI/ ds i(n p2p,7, nd iF)
commion/tsicl/tsi(nip2Fp,49,ntiFp)

commoni/nssip-/nisi,rsis(siFp),nsv(2,nsiF-)
corion/idsip/ndi,nd(ndiF-),ndv(4,ndiFp)
coimor/ntsi P/nti ,ntJ (ritiP) ,ntv (6, nti P)

equivalence (sa,sa3)
dimension sa3(4,4,np-2p)

C

d imie n s ion P 1 (5) , p2 (5) ,P3 (5)

c ---sinsle sF-line intesrals=
* do 8 i=1,5

P2 ( i )=0. 0
B P3 (i)=0. 0

P2() = 1.
P5(1)=1.
if(nsi.ect.0) so to 20

odo 10 rsiv~l,nsi A

do 10 j:2j ,n

lmin=maxo(5-i, 1)
lmax=mir;0(rp3-i , 4)
sum=O. 0
do 11 1=1min, imax

ft idx=4*l+16*i-19
call POPF(sa (idx) , P1, nsv (1, nsiv) nisv(2, nsiv) ns1)

11 SUM=SUrr+aUS10(Pj P2,P3, nsj (nisiv)-rgsl r (i+1-4) r (i+1-3)
10 ssi (i,nrsiv)=sumr

c --- dout'le srlin-e integr-als.
2 0 if(nidi.eq.0) go to 30

4 do 19 i=1,5
19 F-3 (i)=0. 0

F3( 1 )=1 .0
do 29 ndivl1,ndi
do 29 i1l,rp2
do 29 i=1, 1 7

a iJ = i+.i-
dsi(i,j,ridiv)=0.0
i f( i l. 1 .I.o r. i J.q3t .2) 9o to 29



lrnj.rirax(nax( I5-i ,Rnx0 (I 5-iJ)+J-4)
Irrmax =rn rOni riO (4, rp3-i ) rinrO (4, nr-3--ii )+J.'-4)
surr=0. 0
do 21 1=1ii', Imrax
i dx4*].+16* i19

* idxk=4* (1+4-j) +16* (i+J--4) -19
C al 1 FOFP (Sa ( i dx) ,F1 nd v ( 1, rd iv) rindv (,rdiv) ris 1)
call Fop (sa (idx.),2,idv (3,idiv) ,ridv (4,idiv) ,ris.1)

2 1 sur=sum+saus 10(F-1., 2, P3,ridJ(rid iv) -risI-rs2, r i+1-4) , r.i+1-3)
29 dsi(i,j,idiv)=sur

c - -- triple sFlirne iriteera s.
* 30 if (rti.ei.0) return

do 31 rtiv=1,rti
do 31 i=l,riF2
do 31 1=1?7
do 31 k=1,7
is' = 1 +J -4

* ik=i+k-4
idx=J+(k,-1) *7
tsi(i,idx(,rtiv)=0.0
if(iJ.lt.i.or-.iJ.st.iP2) so to 31 V
if(ik.lt.1.or.ik.st.;F2) so to 31
lrriiriffax(riax(1,5-i),riaxO(1,5-j1i)+j-4,rax0(1,5-ik-)+k,-4)
Irrma x =mriir (rii n 0 (4, nriF3- i )n i in0 (4, n P 3- i ) +ji-4, mriira0 (4, riF 3- ik + +k-4)
S Um=0. 0
i f (lri irn. t . 1rrma x) s o to 3 1
do 32 l=lrriir,lmrax
idxl=4*1+16*i-19
idx2=4*(l+4-j)+16*iji-19
idx3=4*(1+4-1k)+16*ik-19
call Poe(sa(idxl),F,rtv(,tiv),ntv(2,ntiv),isl)
call OPisa (i dx2) ,F2,itv(3,itiv) ,itv(4,iti v) , ns2)
call FoF(sa(idx3),F3,ntv(5,itiv),ritv(6,itiv),ris3)

32 surn=sur+sausl0(pl,p2,p3,ritj(ritiv)-nisl-ns2-ns3,r(i+l-4),r(i+l-3))

d 3 1 continue

end
subroutine splerr(c,er-)

C IMPLICIT REAL*S(A-HO-Z)
c***** written by j. c. wiley urniv. of texas at austin jan 1.976

dimension en' (1) ,c (1)
c c--- relative error estimate of spline fit.
c --- note: the routine only returnis a value in en Ci) if
c --- the error- is sreater than the initial value of en (i).
c --- note: if en. is used with routine srid, gr-id zeroes er.
C
c

FARAMETER (NP =21,
2 ri e tP 1~

4 rid i = 1~
5 n tiFP= 4,~
6 ridP101,
7 rr.2F'~rs-2, nilrrip- , nFpl=rip+l ,ni2F=rp+2,
7 rneqsqnep*rneqp, reF-=4*fleq'+1,
0 maxpneqF*risdp,nrsap=16*n 2-p, nalF-=7*rieqsqp,

*4 ndff2FprIeqP*rg-2' 7 d3nnieqSqP*nP2P,
5 nidn123.~r-=*nctPF, ndrn33p=3*nEA5RP)

C
4C

cornmorg/gcl1/rn1riml ri, nrP1 7rP2
comtrrioni/rc 1 /r. (rPr) r r, (rii-



c ctn ri an r, s c Sa( F )P
corncr'/FtJ01/r'1 (ri) /Fhi2/F02(r1F)/Fhi03/P03(rF-)
c ortrrrior/F-hill /i--11 (rip) /Fp h i 12 / p 12 ( ni ) PFIh i 13 /: 13 nrFP

-. a ffrriorI'/-hi2/F2(ri) /hi22/F22 (rip)/Fhi2"3/F'23 riF)
C 0M~ orr ,phgih i 1/i 1 ( rip) /F-h i i2/F i2 (nri

*~C OrTsgc ri/Fl-h 13/F i3 frir' ) /phi 14/F i4 (rip )S
c orrainr/F hii4/e (rI2F) /Fh i5/f ( rIF21F
c amnmo/ruivs11 bC O , cP I, bc 1 PI, bC I PbC1 bC 0

c o rii n 'sE r rc a1 /rxe- 1~ armx e r2, e rma x
o iri o ri/du m /d I ( nrp-2F- /du mT2I/d2 (ri r-2 )

ec
c commr~onis for spline iritesr-al

c#### s s i n F 2 i)d s i rs -2, 7, ,t s i n P2, 49,:)
c#### iruiffber of' siris1e iritesra.s
c#### j~rnumrber- of double irte~ra1E
c#### k=number- of tr-iple irnte'grals

ec
commryori/dsicl/sdsi (rp2p,7,nip)
corrmori/sicl/tsi(nF',49riip)

ccarrmor/rissip/risi , rusJ (rsip) , risv (2, risip)
cgoi/ndsip/idi,ridJ(rndiFp),rdv(4,ridip)

eqcuivalenice (sa, sa3)
dimension sa3(4,4,nFp2p)

C
ec *

f val1=0. 0
do 11 i=1,n
fvalfval+abs(c(i)*fcn(i,4,r(i))+c(i+1)*fc,(j+1,3,r-(i))+

2 c (i42)*fcr(i+2,2,r(i))
* 11 continue1

fva lfval In
if (f Val. e'q.0.0) fval~l.
do 10 i=2,rnm1
error=0.0C2625*(c ( i- I* -sa3 (4, 4,i-1)

2 +c (i) *(sa3(4,4,i) -sa3(4,3,i)
3 +c (i+l)*(sa3(4,3, i+l)-sa3(4,2, i+l))
4 +c (i+2l)*(sa3(4,2,i+2)-sa3(4,1,i+2))
5 +c (i+3)*(sa3(4, 1, +3)))
6 *(MAX (r-(i+l)-r'(i) r (i)-r* (i-1))**3)
err'orabs.(error/fval)
i f (e rro r. 9 t .e r () e r- ej er r ar

10 conttinauei
r- e t u r- n

sob r outij.neSP F'lix mr)

C IMPLICIT REAL*8(A-H,O-Z)
c***** written by J. c. wilev univ. of texas at austin Jian 1.976

As c --- computes m values of the i-th b-spline at the mn x-values and
c returns them in Y. note that the x-values are assumed to bie
c --- ordered.

C

C
* CPARAMETER(NP 1

2 iEu 'I P



ri i.-~ 1
4 rd i = I~

5 ritiFP= 4,
6 nsr~b-10i,

* / rm~~F-rirF- m rirri n F -1 n~ 1 P riF+.rFFrF2
I-eqqpri*rieF Pr-2 47rF ri+, +

*3 M a X Pr=In 9P* r, CJ P , r, s a p= 16nP 2 F , na1 .
4 n d rr2Fnectp*r:F2, rdmrr..=rleqsc.*iF-2F.,
5 ridm23P=3*recip, nd3F-3*esp

c

c o mmrror n n c 1 nrirri'2, rim 1 n ri, 1I. nrPF2
c arrmo r/rc 1 /r- ( rip) ,rnr (rip)

c urmmron P h i01. /POl IFp) /Ph i02/F'02 (rip) /Ph i3/F03 (rip)
c ornro nFh i 1/ p11r) /Fhil2/F12(np) /Fhi 13/F13(iF)

*comron//Fi2lfF21 (rip) /Ph i22/P22 (rip) /Phj23/F'23 (np
c orrim oi/ phi i/ Pi 1(nip)P h i ii2 /Pi 2 niP)
c Comror/FPh i j. 3/P i 3 ( nir, /Ph-i j4/F i4 ( rip)
c o mrri, / h i4 /e (niP 2)rPh i5 / f (nP2p)
corirnr/bricivi rs/ticO, bil.- tic I1 , tic 1p, tcl , bc0
c orrirrorer rc 1/e r-( 1-iP2 P
c orrimors Prr c / /am x er1 , amix e r2, e rmrax
comrior/dul/dl(rip2Fp)/dum2/d2dl(nip2p)

c commrronis for- spline inteerals

* c#### ssi(rFp2, i) , di(niv2,7,j ) ,tsi (r2,49, k)
c#### i=nuurnber- of sinsle in tesrals
c#### j.inurber of double initegrals

* c#### knurnber of triple inte'srals

commron/ssicl/ssi(ip2p,rsiF-)
* ~commron/dsicl/dsi (rp2F,7,ridip)

Acorrurano/tsicl/tsi (rp2F-,49, ntip)

* ~commn/nssip/risi ni(risiF') ,nisy(2, risip)
* ~corirror/idsip/nadi ,nrdJ(nidiF') ,ndv(4,nrdip)

corrrriori/tsi/nti,it(rit.F,rntv(6,ntiFp)

equivalence (sa, sa3)
dimension sa3(4,4,riF2p)

c

fi3(a3,a2,al~aO,z)=z*(a3+z*(0.5*a2+z*(al/3.0+7~*Q.25*a0O)))
fix(a3,a2,al,aO,z)=z*z*(Q.5*a3+z*(a2/3.Q+z*(0.25*a1+z*0.2*aO)))

do 10 j1l,m

do 11 kkk,n
ifOx(j).le.r(H,) so to 12

11 continue
12 lmffaxO(2,k)-i+3

07. kk=k
* if(l.lt.1.or-.1.gt.4) so to 10

idx=4*1+16*i-16
yJ0 s(a ( id x-3) + x(J0 (sa i d x-2) +y(J0 (sa jd x- I)+x U c-sa i d X)

* 10 continue
r-etu r n

* kk=l
d do '20 i =I, m



y (j =*
d o 21 I,~ I, I
if (x ()le. r.(I)) so to '2

21 c ort inue
22 lrnax0 (2, t) -i+3

i f I . .t . I.o r .I. t . 4) s o t o 20
idx=4*1+16*Ki-16
V (J ) a (idx-2) +x (j) *(2.0*sa (idx-l)+3.0*x (j)*sa (idx))

20 c o rt irnu e

*ent r-Y SFV1PP ix,Y, m)
k< 1: = 1
do 30 J1=I, m
y (.i )=0. 0
do 31 1, I, , n
if (x (j)le.r(k)) so to 32

* 31 continue
32 lrtax0(2,k)-i+3

if(l1t.l.or-.1.9t.4) so to 30
idx=4*1+16*i-16
Y'(5i )=2. Q*sa (idx- ) +6. 0*sa (idx) *x (j)

30 continue
r etVu r rn
enrd
SUB4ROUTINE JOBTIME (TENMILI)
INTEGER LISTITEM(3)7 TENMILI
INTEGER SYS$GETJFISTATUS

C LISTITEM(1)= 1031*2**16+4

LISTITEM(2)= %LOC(TENMILI)
LISTITEM (3)= 0 ! %LOC (LCPUELAFSED)
STATfUS= SYS$GETJPI( ... LISTITEM,,,)

C
RETURN

* END
FUNCTION (ET1ME(DUM)
INTEGER TENMILI
CALL JOBTIME(TENMILI)
T=FLrjAT (TENMILI) /100.
GETIME=T
RETURN
END

AI
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